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ABSTRACT 1

ABSTRACT

This work presents a newly developed cryo-fluorescence microscopy system and several of
its applications. The thesis is divided into three parts. Part I introduces the design of the
cryo-fluorescence microscope, and demonstrates its superior cooling efficiency, mechanical
stability, and imaging quality. The high performance of this system allows for continuous
single molecule imaging for up to six hours with minor post-correctable drift at 89 K. This
system also provides the possibility to transfer vitrified samples at cryogenic temperatures,
which enables correlative measurements with cryo-electron microscopy. Part II explores the
properties of commonly used organic dyes at 89 K. The photostability is drastically enhanced
at liquid nitrogen temperatures, resulting in an average photon yield (detected) of several
millions per molecule. The blinking of Alexa647, Atto647N, and Cy5 dyes is slowed down
by a factor of ten at 89 K. Atto488 and Alexad88 dyes enter prolonged dark states in the
cryostat due to the lack of oxygen (sample located in vacuum in the cryostat), which makes
single molecule localization microscopy directly applicable at 89 K. Part III demonstrates
single molecule localization with exceptional sub-nanometer precision exploiting the large
photon yield at 89 K, and suggests approaches to colocalize two fluorescent molecules with

a similar precision.



2 INTRODUCTION

INTRODUCTION

Single (Fluorescent) Molecule Detection

The detection of single (fluorescent) molecules at cryogenic temperature (CT) started about
four decades ago. In 1989, single molecules were detected for the first time by W. E. Moerner
via the observation of narrow-line features in the absorption spectrum of crystalline samples
kept at liquid helium (LHe) temperature (4K)®. One year later, in 1990, M. Orrit and J.
Bernard detected single fluorophores through their emission spectrum with a much higher
signal-to-noise (s/n) ratio, also at LHe temperatures. These are the first moments when
people became able to detect single molecules, which are nanometer-sized particles. This
revolutionary achievement ended the time of measuring physical entities in ensemble average,

and initiated the era of single molecule spectroscopy B and microscopy .

Concerning the numerous methods for single-molecule detection and its applicationsB8l T
would like to highlight three aspects that are related to super-resolution microscopy, and to

the work in this thesis.

(i) The possibility /capability of detecting single molecules provides a direct access to study-

9 Astonishing behaviours of single molecules have

ing photophysics on the molecular level
been discovered in the early 1990s, e.g. blinking®® and photoswitching™. These findings
lay the foundations for the later application of single-molecule detection to super-resolution
microscopy. Also, an enormous step forward was the discovery of fluorescent proteins (FPs),
in particular the green fluorescent protein (GFP) which can be photo-switched®. The
photo-switchable FPs made localization-based super-resolution techniques possible with in-

trinsically expressed fluorophores in living cells..

(ii) Single fluorescent labels have a typical size of a couple of nanometers. This scale is
in drastic contrast to the optical diffraction limit, which is several hundreds of nanome-
ters. Thus, fluorescent markers are superb probes to “portray” the structure of samples on
the nanometer scale. If the markers are isolated, i.e. only one marker is present within
one diffraction-limited observation spot, its position can be determined with a very high
accuracy of down to a few nanometers (discussed below). Therefore, single molecule local-
ization/tracking can be used e.g. to study structural details on the nanometer level 23 or to
study the diffusion in membranes and the cytosol®. Eventually, the development of con-
trollable photo-switchable fluorophores gave birth to all localization-based super-resolution

microscopy techniques®.
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(iii) Before the development of far-field super-resolution microscopy, resolving structures
below the diffraction limit had already been realized by E. Betzig using near-field scan-
ning optical microscopy (NSOM)E8  However, as its name infers, NSOM can only be
applied to image the surface of samples. The extremely short working distance (focus) of
~ 10nm hinders this technique from being applied to imaging inside biological samples. Be-
sides providing “super-resolution”, NSOM also played an imported role at the dawn of the
single molecule detection at RT P8 When imaging single fluorophores using NSOM, non-
symmetric point spread functions (PSFs) were observed ™. This is because the fluorophores
are immobilized on the surface, and have fized fluorescence dipole orientations. From their
PSF patterns, the nanometric spatial structure of electric fields can be measured, and the

dipole orientations can be determined.

The Diffraction-Limited Resolution of Light Microscopy

The invention of the light microscope in the 16th century opened up a fantastic “microscopic”
world that had never seen by humans before. Although it is difficult to identify the inventor of
the first microscope, Antonie van Leeuwenhoek is regarded as the first scientifically important
microscopist, who made innumerable important discoveries, such as the existence of sperms
and eggs, and single-celled organisms such as amoeba and bacteria. He is also credited
with popularizing the microscope in the field of biology. Using self-made microscopes, he
observed and depicted unicellular organisms about four centuries ago, and named these

newly discovered living forms animalcules at that time.

However, no matter how perfectly lenses can be made, the resolution of a light microscope
is physically limited by the diffraction of light, restricting it to about half the wavelength
along the lateral plane, and even worse in the axial direction, as first described by Ernst
Abbe in 18731 This is due to the fact that light is an electromagnetic wave, and thus it
is subject to interference. An optical microscope is nothing else than a lens system which
collects light from a specimen, and focuses it into a magnified image. Because an objective
has a finite aperture, it only collects a part of the light emitted from the sample, and the
light — as an electromagnetic wave — will interfere when focused into a single point in the
image plane. As a result, the light from a dimensionless point emitter cannot be focused to
an infinitely small spot in the image plane. Instead, a blurred spot with a much larger size

is formed.

The 3D intensity profile of this blurred point-source image is named the point spread function
(Fig., which determines the resolution of a microscope. In the focal plane, the PSF pattern

is also known as the Ariy disc, named after the English mathematician and astronomer
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Figure 1: PSF of a conventional light microscope. The PSF of a conventional microscope is
displayed by its xz and xy cross-sections. The intensity profile in the focal plane is known as the

Airy disc. The distance between its first two minima is 1.22A/NA.

George Biddell Airy. The resolution of a microscope can then be defined as the distance
between two emitters at which their PSFs can be just separated. Different scientists came up
with different criteria for how to define “just separated PSFs”| as illustrated in Fig.[2 These
criteria differ only slightly by their pre-factors, but are all based on two fundamental factors:
the wavelength of the imaged light A, and the numerical aperture (NA) of the objective. The
NA is defined as NA = nsin ), where n is the refractive index of the imaging medium, and 6
is the half angle of the light collection cone. It describes the angle over which the objective
is able to collect light. For fluorescence microscopy in the visible range (400 - 700 nm), and
using an oil immersion objective of 1.4 NA| the lateral resolution is restricted to about 140
- 250nm. Along the axial direction, the PSF is elongated even further than laterally, thus
the axial resolution is 2-3 times worse. This asymmetry comes from the one-side detection

of light when using only one objective, as discussed below.

High-Resolution Microscopy

Confocal microscopy  About four decades ago, it was proposed that the diffraction-
limited resolution can be improved by a factor of v/2 in confocal microscopy 2223, In this

technique, a laser beam is focused into a spot — which is also diffraction-limited — to illuminate
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Figure 2: Microscope resolution criteria. In the Rayleigh criterion ¥ the first minimum of one

Airy disc falls on the maximum of the second Airy disc. The sum intensity shows a distinct dip.
In the Abbe criterion ™, the two Airy discs get slightly closer compared to the Rayleigh criterion,
but a dip is still recognizable. In the Sparrow criterion 2, the maxima of the two Airy discs merge

to one flat top.

the sample. The collected fluorescence is focused again and sent through a pinhole that is
placed exactly at the a plane conjugate to the focal plane in the sample (thus “confocal”).
The pinhole geometrically rejects the out-of-focus light from the sample, thus significantly
reducing the image background and endowing the confocal microscope with 3D-sectioning
capability. In principle, by decreasing the size of the pinhole, the PSF size can also be

reduced, resulting in a higher resolution by a maximal factor of v/2.

However, reducing the pinhole size goes hand-in-hand with rejecting more light, which de-
creases the detectable signal. In practice, the pinhole cannot be closed to the size at which
the predicted v/2-fold resolution improvement is reached, while maintaining a reasonable s /n
ratio. Instead, the diameter of the pinhole is typically chosen to be one Airy unit (AU), which
is the size of the magnified Airy disc in the confocal plane. Therefore, the purpose of using
the pinhole is mainly to suppress the background, to realize three-dimensional sectioning,

and to increase the s/n ratio, but not to improve the resolution.

Image scanning microscopy The proposed v/2-fold resolution improvement in confocal
microscopy was realized by the development of image scanning microscopy (ISM)E4 by C.
Miiller and J. Enderlein in 2010. In ISM, the excitation is done the same as in confocal
microscopy using a focused laser spot. But in the detection path, the pinhole in confocal
microscopy is replaced by a camera, which is a 2D array of photodetectors. Each pixel on
the camera chip acts as a pinhole with a much smaller size than one AU, which satisfies the

criterion for achieving v/2 times higher resolution. But the pixels are arranged in different
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positions in the focal plane, and consequently, each pixel “sees” the sample from a slightly
different angle. As a result, the scan images recorded by each pixel are shifted with respect to
each other. The shifting direction and distance can be precisely determined for each pixel.
Thus, these images can be shifted back to reconstruct a final sharp image by data post-
processing. In this way, imaging with a v/2 times improved resolution and a significantly

improved s/n ratio is achieved.

As ISM is essentially a scanning microscope, the imaging process is rather slow. To speed
up the measurement, parallelization of ISM was realized by using a confocal spinning disc 25!

26l Furthermore, the rearrangement of the shifted images

or a digital micromirror array
can be also realized optically. For example, in re-scan confocal microscopy (RCM)E? — a
technique with the same imaging principle as ISM — the positioning of the images to their
correct location is carried out by using an additional scan mirror in the detection path. This
rescan-mirror reflects the image beam to the required positions on the camera chip, and

delivers an image with /2 times improved resolution in real-time.

Structured illumination microscopy In confocal microscopy, the excitation is done
by focusing a laser beam into a diffraction-limited spot, and scanning the sample with this
spot. This illumination carries spatial information in the intensity pattern, which is the fun-
damental reason why confocal microscopy can theoretically achieve a higher resolution below
the diffraction limit. This principle can be generalized to wide-field imaging by extending
the pointlike illumination spot to a continuous pattern with defined spatial structure. This
idea was conceptualized by M. Gustafsson as structured illumination microscopy (SIM) in
200028 In SIM, a periodic illumination pattern — typically a sinusoidal wave — is used to
excite the sample. Although this illumination pattern itself is also diffraction-limited, its
interference with the sample structure creates Moiré patterns, and shifts the high-frequency
information of the sample to lower frequencies, which can be detected by the microscope. By
taking multiple images with different pattern positions and illumination directions, sample
structures below the diffraction limit can be reconstructed with a doubled resolution in the

lateral direction.

ISM and SIM are fundamentally equivalent techniques, because they both utilize the struc-
tural information of the non-uniform illumination pattern — either a diffraction-limited spot
or a sinusoidal wave — to achieve resolution doubling. Compared to ISM, which is a scanning
technique, SIM has a higher throughput as a wide-field technique, and its imaging speed
is not influenced by the size of the imaging area. The drawback of SIM is its sophisti-
cated setup to create the structured illumination pattern, and the complicated off-line image

reconstruction.



INTRODUCTION 7

4Pi and I°M In conventional microscopy, one objective is used to collect light from one side
of the sample, while half of the light is lost on the other side. This is the fundamental reason
why the PSF is elongated along the axial direction, resulting in a poorer axial resolution.
One straight forward method to solve this problem is to use two objectives opposing each
other to collect light from both sides of the sample. This approach was realized in two
techniques, known as 4Pi¥ and I°MB®I microscopy. These techniques improve the axial

resolution by up to sevenfold down to ~ 100 nm.

Super-Resolution Microscopy

Imaging far below the diffraction limit was realized by the development of a series of far-
field microscopy techniques, often referred to as “super-resolution” microscopy, or simply
“nanoscopy”. These techniques achieve a typical lateral resolution of several tens of nanome-
ters, which is one order of magnitude below Abbe’s diffraction limit. The “super-resolution”
enables direct observation of samples on the nanometer scale, and has resulted in numerous
applications and discoveries in the chemical, biological, and medical sciencesB2%4  Thus,
the Nobel Prize for Chemistry 201455 was awarded to the pathfinders of these techniques
— Eric Betzig, Stefan W. Hell, and Willian E. Moerner. Super-resolution microscopy has
been extensively reviewed in the literature#88! In this thesis, I would like to highlight two

(groups) of these techniques, which are related to the work in this project.

Stimulated emission depletion microscopy (STED) In confocal microscopy, the
excitation laser cannot be focused into an infinitely small spot due to diffraction. The actual
illumination extent is given by the size of the PSF (Fig.7 which is typically ~200nm in
the lateral direction, and ~ 500 nm in the axial direction. When illuminating a sample with
this PSF, all fluorophores within the focal volume will be excited, and will emit fluorescence

at the same time. Thus, structures within the diffraction-limited spot cannot be separated.

In 1994, S. Hell conceived a technique to reduce the effective excitation volume in confo-

cal microscopy, referred to as stimulated emission depletion microscopy (STED)B0 |

n
STED, an additional laser spot with a doughnut-like intensity profile is overlapped with the
confocal illumination spot. This doughnut spot has a zero intensity in the middle, and its
wavelength matches the transition energy of the fluorophore from the excited state to one of
the vibrational energy levels in the ground state. When shining this STED beam onto the
fluorophores that are exited by the confocal beam, the fluorophores will be induced to return
exactly to that energy level, thus will emit fluorescence exactly at that wavelength. When

choosing this wavelength further away from the emission maximum of the fluorophore, the

induced fluorescence (stimulated emission) together with the STED laser can be filtered out,
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leaving only the fluorophores located in the zero center of the doughnut beam detectable.
The size of this zero center is typically by one order of magnitude smaller than the size of

the confocal volume, which determines the resolution of STED.

The “super-resolution” in STED originates from discrete quantum-mechanical nature of
fluorescence excitation and emission. But in my view, it does not, in any way, break the
fundamental physical law of Abbe’s diffraction limit, because the confocal beam as well as
the STED beam are both diffraction-limited. The achieved effective super-resolution highly
relies on the quantum-mechanical nature of fluorescence, described in its simplest form by a
two-state system which can be resonantly excited and de-excited.. This super-resolution can
only be achieved for a sub-class of optical microscopy, namely fluorescence microscopy, and
in a very particular case when the used dyes are STED-compatible. But the fundamental

physics behind it, as described by Abbe, remains unchanged.

Single molecule localization microscopy (SMLM) Unlike STED, which is a tech-
nique based on ensemble fluorophore imaging, another group of super-resolution techniques,
referred to as single molecule localization microscopy (SMLM), utilizes the localization of
single fluorescent molecules to achieve a higher resolution below the diffraction limit. Single
fluorophores have a size of ~ 1 nm for organic dyes, and ~ 4 nm for fluorescent proteins. But
due to diffraction, these point sources are imaged as much larger spots with a size of several
hundred nanometers, as described by their PSF's (Fig.. However, if only one molecule is
present in the diffraction-limited spot, the actual molecule’s position, i.e. the center position
of its image, can be determined with a much higher accuracy than the size of the PSF (by
fitting the PSF with a Gaussian function).

However, a biological sample is usually labeled with fluorophores at a very high concentra-
tion. There are typically hundreds of fluorescent markers located in one diffraction-limited
spot. If these markers emit light simultaneously, their PSFs overlap, resulting in a smeared
out image. But if these markers can be made fluorescent sequentially one after another, they
can be then localized separately with very high accuracy. Displaying these localizations will
create an image with a resolution below the diffraction limit. This super-resolution idea was
proposed first by E. Betzig in 1995, and was implemented by himself in 2006 using photoac-
tivatable fluorescent proteins (PA-FPs), naming the technique photoactivated localization
microscopy (PALM) B, Almost simultaneously (one day before the PALM publication), an-
other fundamentally equivalent method was published independently by X. Zhuang, named

B2 Later the same year, another

3

stochastic optical reconstruction microscopy (STORM)

similar technique was demonstrated by S. Hess, named fluorescence-PALM (fPALM)
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These three independent methods share the same principle. In wide-filed, the fluorophores
are photoactivated, or photoswitched from the dark state to the fluorescent state sparsely.
The sparsity is controlled by optical or chemical means to the level where the PSFs of the
“on” molecules do not overlap on each frame of exposure. In this way, the molecules located
in the diffraction-limited spot are separated temporally. When sequentially imaging all the
molecules, and localizing them individually on each frame, an image can be reconstructed
by overlapping all the localizations, and the resolution is determined only by the localization
accuracy. Given Abbe’s resolution limit (PSF size) e, the localization accuracy dj,. is
determined by the detected number of photons N per molecule during each exposure in the
form of djpc < Oappe/ V/N. In practice, several hundred photons can be detected from single
molecules in a typical integration time of tens of milliseconds. This results in a localization

accuracy /resolution of several tens of nanometers in the lateral plane in SMLM.

Cryo-Fluorescence Microscopy

Although super-resolution microscopy techniques have theoretically unlimited resolution, the
practically achievable resolution is restricted to several tens of nanometers. The main reason
for this limitation is the unavoidable photo-bleaching of the fluorophore, which restricts
the photon yield per molecule. However, it has been known that the photobleaching can

44395 and millions of photons can be detected from single

be strongly suppressed at CT'!
organic dye molecules®8. Therefore, cryo-fluorescence microscopy (cryo-FM) has drawn

great attention after the development of detecting single molecules in the 1980’s.

In recent years, cryo-FM has been increasingly applied in the field of super-resolution mi-

49]7 [50’5”, and correlative light and electron mi-

croscopy BT single molecule spectroscopy
croscopy (CLEM)H55253]  Many super-resolution techniques have been shown to be ap-
plicable at CT, including cryo-STEDHZ | cryo-PALM B4 etc. Benefiting from the drasti-
cally enhanced photostability of the fluorophores, colocalization of two molecules with single
nanometer resolution was demonstrated at liquid nitrogen (LN2) temperatures#¥. When
combining these techniques with cryo-electron microscopy, cryo-CLEM benefits from the spe-
cific labeling in fluorescence microscopy (FM) and the high resolution in electron microscopy
(EM), providing a direct way to investigate biological structures and their functions on the

nanometer scale P56l

Cryo-Microscopy Systems

The most crucial component of a cryo-imaging system is a dedicated cryostat. Different

types of cryostats have been developed to satisfy specific requirements of various applica-



10 INTRODUCTION

tions. For example, in cryo-CLEM, the sample needs to be vitrified before the experiment
using rapid freezing techniquesB™8  Therefore, cryostats for cryo-CLEM must provide
the possibility to transfer frozen samples below the glass transition temperature of water

(~135K) to prevent ice crystal formation in the sample P,

To meet this requirement, the
existing cryostats #9526062 e typically designed as an “open system”, where the sample is
embedded in a cold nitrogen atmosphere for the ease of sample transfer. In these cryostats,
the low temperature is sustained by the circulation of LN2 using an attached piping system.
This design has several drawbacks. First, purging the cold nitrogen gas through the sample
chamber introduces great mechanical instability, which causes large sample drift and vibra-
tion. Secondly, the objective is directly exposed to the cold optical window or to the frozen
sample, which introduces considerable thermal stress on the objective, and results in large
optical aberrations®!. Thirdly, ice condensation occurs from time to time on the sample
or on the inner surface of the optical window due to imperfect dehydration of the working
environment. Also, the outer surface of the cold window is often covered by water or ice in a

humid lab, which blocks the observation of the sample. These drawbacks limit the reliability

of these cryostats, and hinder their applications in accurate and sensitive experiments.

For single molecule microscopy #748 and spectroscopy 2% the cryostats are typically de-

E6I5064] 1y

signed to be vacuum-insulated to provide high thermal and mechanical stability
these devices, the sample is typically attached to a cold substrate, which is kept at CT by
the circulation of cryogen¥ or by a static cryogen reservoirB%4 — The drawback of this
design is that any vibration or bubbling of the cryogen will be directly transmitted to the
sample, causing considerable mechanical instability. Although the use of LHe instead of
LN2 provides a more stable flow and less bubbling, the required recycling system and the
helium consumption significantly increase the equipmental and operational cost. Another
major limitation of these vacuum-insulated cryostats is that the sample cannot be trans-
ferred into/from the cold cryostat. Instead, the sample has to be loaded at RT, and then
gradually cooled down. This makes the study of the vitrified samples and the preservation

of the examined samples impossible using these devices.

About This Thesis

To overcome the above-mentioned limitations, a new cryo-fluorescence microscopy system
was developed in this Ph.D. project. This new system combines the high thermal and
mechanical stability for single molecule imaging with the possibility of cryo-sample transfer

for CLEM. This system and its applications are introduced in three parts in this thesis.

In the first part, the design philosophy and the key features of the cryo-fluorescence micro-
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scope are summarized. The newly-developed cryostat is a vacuum-insulated, stand-alone
device using static LN2 cooling. One unique feature is that the sample is mechanically de-
coupled from the unstable cooling source, providing an exceptional high mechanical stability.
This enables long-time observation of the sample for up to six hours with negligible drift.
Moreover, this cryostat allows for the use of any air objective with a working distance above
1.2mm. The objective is located outside the cryostat at RT, and the thickness of the optical
window can be adapted by the coverslip thickness correction collar of the objective. This
results in superior single molecule imaging quality with negligible spherical aberration and
field distortion. Furthermore, the sample can be transferred into/from the cold cryostat

using a new workflow, which makes CLEM possible with this system.

In the second part, the properties of commonly used organic dyes are examined at 89 K.
It is found that the photostability of organic dyes is boosted by more than two orders of
magnitude at 89 K, resulting in an average photon yield (detected) of several millions per
molecule. Moreover, the blinking of Alexa647, Atto647N, and Cy5 dyes is slowed down by a
factor of ten, to an on/off ratio below 0.5. The triplet state of Atto488 and Alexad88 dyes is
prolonged drastically in the absence of oxygen in the cryostat, and stochastic photoswitching

is achieved in the cryo-conditions.

In the last part, single molecule localization is demonstrated with an exceptional precision
below one nanometer at 89 K. One direct application of this result is to colocalize two
molecules with single nanometer resolution. One approach has been presented by Weisen-
burger et al. #8 However, the authors also reported a very low success rate of this approach
(~0.1%) with limited reproducibility. In this thesis, the challenges for dual-molecule colo-
calization with nanometer resolution are discussed, and several different approaches are

proposed.
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Part 1

CRYO-FLUORESCENCE
MICROSCOPY SYSTEM

This part of the thesis introduces a new cryo-fluorescence microscopy system
developed in this project. Section [1| describes the design philosophy and the
structural parts of the cryostat. Section [2| evaluates the system’s performance in
terms of mechanical and thermal stability. Section [3|presents system optimization
to achieve high imaging quality for single molecule imaging. Section (4| discusses
different strategies for sample preparation. Section |5 gives operating instructions

for sample transfer at RT/CT and gas supply to the sample.
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1 Cryo-Fluorescence Microscope

1.1 Cryostat design

The core component of a cryo-fluorescence microscope is a dedicated cryostat. In this project,
a new cryostat was designed to overcome the limitations of the existing devices. This cryostat
is a vacuum-insulated dual-vessel device (Fig. a). An inner vessel serves as the cryogen tank,
which holds up to ~ 1.5L LN2/LHe. This inner vessel is sealed into an outer vessel, which
acts as the vacuum housing. Between these two vessels, a vacuum of ~ 1073 Pa is generated
for thermal insulation. The sample and the internal components of the cryostat are all

located in this vacuum.

Figure 3: Cryostat design. (a) Cut-away view of the cryostat, accommodating an air objective.
(b) Zoom-in view of the central parts of the cryostat (black circle in a). (c¢) Photos of two types of

sample holders for coverslip and EM grids/freezer hats.

Heat dissipater The cryogen tank is made of stainless steel, which has a relative low
thermal conductivity at CT (Fig.. To achieve more efficient thermal transfer, a disc
(named “heat dissipater”) made of oxygen-free copper (OFC) is attached to the bottom of
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the tank (Fig.b). This OFC disc has high thermal conductivity at CT, thus assists with the
heat dissipation to the tank through the large contacting area. Between the heat dissipater
and the tank, an indium sheet is sandwiched to fill any surface irregularity to assure seamless

heat transfer.

Support plate The tank is soldered on the top of the inlet and outlet channels of the
vacuum housing, and “hangs” in the free space in the cryostat. By cooling, the tank under-
goes great thermal drift and mechanical vibration. Therefore, it is not preferred to fix the
sample directly onto the heat dissipater on the bottom of the tank. Instead, an additional
“support plate” is created to hold the sample. This plate is fixed on the bottom of the
vacuum housing using Teflon spacers and polyimide screws, which have very low thermal
conductivities at CT (Fig.[). This minimizes the heat loss through the vacuum housing. To
prevent that the tank vibrations are transmitted to the support plate through the vacuum
housing, Viton o-rings were used to seal the parts. Viton is an over-damping material that
absorbs vibration when firmly compressed. As a result, the support plate is mechanically

decoupled from the unstable tank, and provides a steady place to fix the sample.
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Figure 4: Thermal conductivity of various materials. Reproduced from the publication by Mar-

quardt et al. 53]

Sample mount To create a substrate to hold the sample, the “sample mount” is con-

structed, and is fixed on the support plate via thermal insulation washers/screws made of
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polyimide. This sample mount is connected to the heat dissipater via four flexible cop-
per braids. These braids do not only transfer heat and cool down the sample mount, but
simultaneously absorb also vibrations and thermal drifts of the tank. This mechanical decou-
pling of the sample mount from the unstable tank is the key feature that assures a superior

mechanical stability.

Sample holder Two types of sample holders have been designed to adapt one coverslip
or four EM grids/freezer hats (Fig.[3|c). The sample holder is loaded onto the sample mount
through a circular opening on the bottom of the vacuum housing, and is held in position by

integrated magnets.

Window disc The opening at the bottom of the cryostat is closed by a “window disc”,
and is sealed via a Viton o-ring. In the middle of the disc, a 0.5 mm thick quartz optical
window is glued, through which the sample can be observed. After the window disc is firmly
closed (via clamps), there is a ~0.5mm distance between the sample and the inner side
of the optical window. This design allows for the use of any air objective with a working

distance above ~ 1.2mm, but hinders the use of immersion objectives.

Thermal shield To achieve a high thermal insulation, the cryogen tank, the sample mount,
and the sample holder are shielded from external thermal radiation by reflective metal sheets

(not shown in the figure).

1.2 Cryostat coupling to microscope

The cryostat is designed to be adaptable to any inverted microscope. However, due to its
large weight of ~ 15 kg, an additional supporting stage is preferred to assure high mechanical
stability. In this project, a robust motorized x-y stage was constructed to support the
cryostat (Fig.a). Below this stage, a conventional inverted epi-fluorescence microscope was

assembled. In principle, this stage can be resized to adapt to any commercial microscope.

The cryostat is kept in position on the x-y stage via three kinematic mounts. The high
precision of these mounts and the large weight of the cryostat deliver a sufficiently high
mechanical stability without the need of any additional fixation (e.g. via clamping or screw-
ing). This allows for easy detachment of the cryostat from the stage, and makes the sample

change very convenient.

To translate the field-of-view (FOV) across a sample, and to find a suitable position for mi-

croscopic observation, a motorized x-y stage moves the whole cryostat laterally with respect
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to the objective. Solid mechanical design and a ball bearing rail system assure smooth and
accurate displacement of the heavy cryostat. To adjust focusing, the objective is mounted
on a vertical piezo stage, and the piezo is mounted on a motorized z-stage for fine and coarse

focusing, respectively.

kinematic mounts — &

+ 7 piezo x-y stage

1 z stage
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Figure 5: Cryo-fluorescence microscope. (a) A photo of the cryostat standing on a custom-
built inverted epi-fluorescence microscope. (b) Schematic of the cryo-fluorescence microscope. The
cryostat is kept in position on a motorized x-y stage via three kinematic mounts (KBS98, Thorlabs
GmbH, Germany). The objective (Olympus LUCPLFLN 60x /0.7 NA) is mounted on a z-piezo
actuator (PIFOC, Physik Instrumente GmbH, Germany), which is fastened on a motorized z-
stage for focusing. Four CW lasers (R-637 nm, G-532nm, B-473nm, V-405nm, Changchun New
Industries Optoelectronics Tech. Co., Ltd., China) are used for sample illumination. The laser
light is sent through a clean-up filter CF, expanded by a telescope, and focused onto the back focal
plane of an air objective by an achromatic lens L1, upon the reflection on a dichroic mirror DM
and an adjusting mirror M2. The fluorescence emitted from the sample is collected by the same
objective, sent through an emission filter EF, and focused onto an EMCCD camera (iXon Ultra
897, Andor Technology) by a tube lens L2.

A wide-field epi-fluorescence microscope is constructed below the x-y stage. This microscope
is equipped with four continuous wave (CW) lasers for sample illumination, a high sensitivity

electron multiplying CCD (EMCCD) camera for single molecule detection, and an air ob-
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jective with correction collar for high quality imaging. The tube lens can be easily changed
to any focal length to provide any desired magnification. The lasers, the motorized filter
wheel, and the camera are controlled using a custom-written LabVIEW software (Fig.@.
This software also provides basic programmability for the users to define specific sequences

of hardware action (e.g. to conduct multi-color imaging).

Beside wide-field microscopy, one could also perform confocal microscopy can also be realized
in the cryostat by using objective scanning or laser galvo scanning. Recently, low temperature
compatible piezo stages have become available. These stages can be placed inside the cryostat

to hold the sample, which would enable sample scanning as well.
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Figure 6: Microscope controlling software. A custom-written LabVIEW software controls the
laser switch, the laser power, the emission filter wheel, and the camera trigger. Four combinations

of these controls can be defined by the user to conduct a specific sequence of actions automatically.
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2 System Stability

2.1 Thermal stability

To examine the thermal stability of the system, temperatures of the essential parts of the
cryostat were monitored in a cooling test (Fig.@. Prior to cooling, the air in the cryostat
was evacuated using a turbo pump (HiCube, Pfeiffer Vacuum GmbH, Germany), creating a
vacuum of ~ 1072 Pa (measured by the internal barometer in the turbo pump). Then, LN2
was fed into the tank through a transfer line by the inner pressure of the dewar. The rapidly
cooled tank acted as a “molecule catcher”, which further reduced the vacuum to ~ 1073 Pa.
After the tank was filled, the vacuum pipe and the transfer line were detached from the
cryostat. During the test, the outlet channel of the tank was kept open to release the gently

evaporating nitrogen gas.
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Figure 7: Cryostat cooling test. Temperatures of the heat dissipater, the sample mount, and
the sample holder were measured simultaneously at 2 Hz using embedded thermal sensors (PT100
S234PD12, Telemeter Electronic GmbH, Germany) for over six hours. The cooling test started at
RT with empty tank, followed by tank filling with LN2, and was terminated when all LN2 was

evaporated (indicated by the temperature rise).

As shown in Fig., the temperature of the heat dissipater dropped from RT (294 K) to the
boiling point of LN2 (77 K) within six minutes. The temperature of the sample mount and
the sample holder followed this drop closely, and reached a thermal equilibrium at 89 K after
about eight minutes. Then, all the temperatures remained steady for more than six hours

with negligible thermal fluctuation (<0.1K).

The fast cooling rate of more than 0.5K/s demonstrates an excellent cooling efficiency
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through the four copper braids. The time of less than ten minutes to reach the thermal
equilibrium is exceptional among all existing cryostats. This enables an almost instant start
of the cryo-measurement after filling the tank. The identical temperature of the sample
mount and the sample holder indicates a seamless heat transfer through the physical contact
between these two parts. The high thermal stability over several hours allows for continuous
long-lasting experiments. The working time can be limitlessly extended by refilling the tank.
The LN2 consumption of ~ 1.5 L for six hours is very economic compared to other cooling

schemes based on cryogen circulation or purging.

During the test, no ice condensation occurred on the optical window or on any outer surface
of the cryostat. This indicates an excellent thermal insulation by the vacuum, which was
able to hold a temperature gradient of ~ 200K over a distance of ~0.5mm between the
sample and the optical window. Overall, this test demonstrates superior cooling efficiency

and thermal stability of the cryostat.

2.2 Mechanical stability

Mechanical stability of a microscope typically translates into image stability. To quantify
the mechanical stability of the cryo-fluorescence microscope, fluorescent beads were imaged

in the cryostat at 89 K for one hour, and their positions were tracked to determine the lateral
sample drift (Fig.[§).

The positions of the beads were determined by fitting their images (Fig.a inset) to 2D
Gaussian functions using the quickPALMI9 routine in ImageJ!. The high brightness of
these beads provided high localization precision of a few nanometers per frame. This mea-
surement was repeated at three different positions on the same sample, several millimeters
away from each other. During the experiment, the vacuum pipe and the LN2 transfer line
were detached from the cryostat, leaving it as a stand-alone device decoupled from external

mechanical perturbations.

As shown in Fig.[§] the sample underwent a total drift of less than one micrometer in one
hour. Position 2 and 3 shared a similar drift profile: a fast relaxation within the first ~ ten
minutes, followed by small fluctuations of several tens of nanometers. At position 1, the
image continuously drifted away in one hour. This was because position 1 was further away
from the geometric center of the sample as compared to position 2 and 3. This suggests that

imaging closer to the sample center results in less drift, which is thus preferred.



20 2. SYSTEM STABILITY

400" ——position 1
600} —position 2
200 ——position 3
500
£ 0 E 400
£ =
> 200 = 300 ’
-400 »
—position 1 100
I position 2 |
600 —— position 3
-200 0 200 400 00 20 40 60
X (nm) Time (min)

Figure 8: Lateral sample drift. (a) 2D trajectories of the center positions of three fluorescent
beads (Life Technologies GmbH, Germany) measured for one hour. A bead image (inset, scale bar
500nm) was taken with 0.4s exposure time at 2 Hz using an EMCCD camera. (b) Lateral sample

drift is quantified as the absolute distance to the starting point.

The lateral sample drift is probably due to the local heating of the sample holder upon
laser irradiation, because the drift amplitude became larger when increasing the laser power.
However, the embedded thermal sensors did not register any global temperature change
during the test. But the local heating on the coverslip should be rather minimal due to the
efficient heat dissipation of the OFC and the high transparency of the coverslip. This minor
lateral drift can be completely corrected by software in post-processing (section @, thus it

is tolerable for most of the experiments.

Another interesting observation was that no visible defocusing of the image occurred during
the one hour test, nor in other long-time measurements over more than four hours (section
@. This indicates that the system also has an excellent mechanical stability in the vertical

direction.

All in all, the cryo-fluorescence microscope exhibits excellent mechanical stability in all three
dimensions as compared to other devices. This is mainly due to the successful mechanical
decoupling of the sample from the unstable cooling source, through the use of flexible metal
braids and the vibration-absorbing Viton o-rings. The high mechanical stability allows for

long-time investigations of samples over several hours without active drift correction.
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3 Optimization for High Imaging Quality

3.1 Choice of proper objective

The cryostat only allows for the use of air objectives with a working distance above ~ 1.2 mm,
because there is a ~ (0.5 mm gap and a 0.5 mm thick optical window between the sample and
the objective. The thick window that is made of quartz introduces considerable spherical
aberration to the image. To correct for this aberration, air objectives with an adjustable
collar for coverslip thickness correction are preferred. These objectives see the optical window
as a “thick coverslip”, and can compensate the optical impact of the window thickness by

adjusting the collar, hence compensate for the spherical aberration.

Integrating a correction collar into an objective typically limits its NA to 0.7 due to mechano-
optical design restrictions. If objectives are constructed without the correction collar, a
higher NA of up to 0.9 can be achieved without sacrificing the working distance. However,
high NA and correction collar cannot be realized in the same objective. To make a trade-off
between the correction collar and the higher NA, the imaging quality was compared between
a 0.7 NA Olympus objective with correction collar and a 0.9 NA Nikon objective without

correction collar.

Using these two objectives, single Atto647N molecules were imaged in the cryostat through
the 0.5 mm quartz window. For the Olympus 60x objective, when adjusting the collar to
an appropriate value, single molecules were clearly resolved (Fig.@a). For the Nikon 100x
objective, despite its larger NA of 0.9, single molecules could not be identified when using
its original magnification. After adjusting the magnification to ~56x (by replacing the tube
lens of f = 180 mm with an achromatic lens of f = 100 mm), single molecules became visible
(Fig.[9b). The imaging quality in terms of s/n and signal-to-background (s/b) ratios was

similar for these two objectives at comparable magnifications.

But a 0.9 NA objective has about a doubled photon collection efficiency as compared to a 0.7
NA objective, according to the formula (plotted in Fig.[10] derivation see appendix [10.5.5):

n

o 2m |1— 1—(&)2 (1)

where [ is the photon collection efficiency, and n is the refractive index. Despite the higher

NA, the Nikon objective does not deliver higher s/n and s/b ratios when imaging through a
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thick optical window. This indicates that the photon gain by the larger NA is counteracted
by the spherical aberration, which spreads the focus over a large distance along the optical
axis, hence degrades the s/n and s/b ratios. Another drawback of the Nikon objective is that
the original magnification of 100x has to be reduced to 56x to resolve single molecules by
concentrating photons to fewer pixels on the camera. This also shrinks the FOV by about

four times, which limits the throughput of the experiment.

(a) Olympus 0.7 NA (b) Nikon 0.9 NA

Figure 9: Objective comparison for imaging quality. (a) Single Atto647N molecules (ATTO-TEC
GmbH, Germany) were imaged through a 0.5 mm thick quartz window using an Olympus objective
with a correction collar (LUCPLFLN 60x /0.7 NA, WD = 2.2mm). (b) Image taken in the same
sample using a Nikon objective without correction collar (TU Plan Apo 100x/0.9 NA, WD =
2.0 mm, magnification adjusted to ~56x). Images were displayed with the same gray scale. Scale

bar: 20 pm.

In conclusion, when imaging through a thick optical window, the correction collar plays an
important role to achieve high imaging quality. Therefore, for the cryostat in this project, the
Olympus objective with the correction collar is the appropriate choice. But for cryostats with
integrated objective, where no coverslip or optical window is located between the objective
and the sample, 0.9 NA objectives could be better due to their higher photon collection

efficiency.
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Figure 10: Objective photon collection efficiency with respect to NA. Equation [1] is normalized

and plotted with respect to N A/n. Commonly used objectives are shown in the plot for comparison.

3.2 Background minimization

3.2.1 Introduction

One core challenge of single molecule fluorescence microscopy (sm-FM) is to detect the weak
fluorescence emitted from single fluorophores. The key to resolve single fluorophores is to
increase the s/n and s/b ratios of the imaging system. This has been realized by the develop-
ment of various measurement devices and techniques. For example, in confocal microscopy
the s/n ratio is improved by using sensitive photon detectors such as the photomultiplier
tube (PMT) or the single photon avalanche detector (SPAD), which are able to register
single photons emitted from the fluorophore. Furthermore, a confocal microscope efficiently
suppresses out-of-focus background by placing a pinhole in the conjugated image plane in

the detection path, thus providing a high s/b ratio.

In wide-field microscopy, traditional CCD/CMOS cameras are typically not sensitive enough
to detect single fluorophores at high speed due to the high read-out noise of this devices.
This motivated the invention of EMCCD cameras, which amplify the photon signal before

read-out. These cameras are capable of detecting single fluorescent molecules with short
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exposure times in the millisecond range with sufficient s/n ratio. To increase the s/b ratio,
various illumination strategies have been developed to suppress the background. These
techniques include total internal reflection fluorescence microscopy (TIRF), highly inclined
and laminated optical sheet microscopy (HILO), light sheet fluorescence microscopy (LSFM),

etc.

In this project, a 0.7 NA air objective with a long working distance of ~2mm is used in
wide-field configuration. This objective has only about 30% photon collection efficiency
as compared to high NA immersion objectives (Fig., thus delivers a moderate s/n ra-
tio. Moreover, the above-mentioned illumination techniques for background-suppression can
not be implemented when using the air objective. Therefore, to achieve a high s/b ratio,
minimizing the optical background of the imaging system becomes crucial to resolve sin-
gle molecules. In this section, various background sources in the cryo-imaging system are

identified, and the corresponding suppression methods are discussed.

3.2.2 Background from coverslip

Normal coverslip glass contains many additional chemical components (e.g. B2Ojs, Al,Os,
NayO, etc.) beside silicon dioxide (SiO2). These extra ingredients are intentionally added
to ease the fabrication (e.g. lowering the melting point of glass), or to introduce certain
surface properties (e.g. high wettability, bio-compatibility). However, these components are
often weakly fluorescent or luminescent. When imaging under wide-field illumination using
a 0.7 NA objective, the fluorescence/luminescence created by the coverslip easily outshines

the signal of single fluorescent molecules in the sample.

As demonstrated in Fig.(a), single Atto647N molecules were prepared on a normal cov-
erslip that was thoroughly cleaned using the protocol in appendix [10.5.5] The sample was
imaged using a 0.7 NA objective under wide-field illumination. As shown in the image,
single molecules could not be resolved due to the strong auto-fluorescence created by the
coverslip. To eliminate the coverslip auto-fluorescence, many protocols have been developed,
for example high temperature baking or UV bleaching. However, none of these methods is
sufficient to decrease the background to a level suitable for single molecule imaging using

low NA objectives in wide-field imaging.

To circumvents this problem, fused silica coverslips were used in this project. Fused silica
is a 99.99 % pure material consisting of only noncrystalline SiOy. Thus, it creates nearly

zero auto-fluorescence regardless of the illumination scheme. Using these coverslips, single
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molecules can be easily resolved with significant s/b ratio (Fig.[L1]b).
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Figure 11: Background comparison between normal coverslip and fused silica coverslip. (a)
A thoroughly cleaned normal coverslip (Menzel Gléaser, Germany, cleaning protocol in appendix
covered with single Atto647N molecules was imaged with 637 nm excitation, 0.1 s exposure
time, and 100 EM-gain. Single molecules were not visible due to the high background created by the
auto-fluorescence of the coverslip. (b) A fused silica coverslip (amcoss GmbH) cleaned by flaming
(Fig. was imaged under the same conditions, clearly displaying single Atto647N molecules on a
near zero background. (c) Comparison of the intensity profile along lines in (a) and (b). Normal

coverslips show about twice as much background as compared to silica coverslips. Scale bar: 10 pm.

Another advantage of using silica coverslips is that they are very easy to clean. In single
molecule experiments, the coverslip surface needs to be thoroughly cleaned to be free of any
luminescent contamination. For normal coverslips, the cleaning procedure (appendix
typically involves sonication in organic solvent and strong alkaline solution, followed by
plasma cleaning, which is expensive and time-consuming. This wet cleaning method is also
not 100% effective, especially for fluorescent impurities in the blue and green spectral range.
In contrast, silica coverslips can be easily cleaned within a minute by flaming the surface using
a Bunsen burner. Thanks to the high melting point of the pure silica (~2000°C), the flame
of the Bunsen burner (~1200°C) removes all (organic) fluorescent impurities on the silica
coverslip without melting it. A very simple four-step cleaning procedure is demonstrated in
Fig. (Note: This flaming method cannot be applied to normal coverslips because their

melting point is lower than the flame temperature of the Bunsen burner.)

One concern for using silica coverslips is their high expense (~ 10 euros/piece). However, the
used coverslips can be cleaned and recycled, which makes them affordable for experiments in
the daily routine. To clean lightly used silica coverslips containing mainly organic samples
and minimal salts, the procedure in Fig.[12| can be directly applied. For heavily used cover-

slips containing many salts or metals, they can be pre-washed using conventional protocols
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(a) (b) (c) (d)

Figure 12: Cleaning procedure for silica coverslip. (a) Wipe the coverslip surface with 70 %
Ethanol using a lab tissue. (b) Rinse the coverslip thoroughly with a high pressure spray of 70 %
Ethanol. (c) Scan the coverslip surface with the outer flame of a Bunsen burner. (d) Cool down

the coverslip using a lab duster.

(e.g. appendix [10.5.5)), and then be flamed. Plasma cleaning should be avoided for silica

coverslips, because it often introduces contaminates as observed in practice (Fig..

All in all, silica coverslips are optimal substrates for sample preparation. They do not only
provide zero background for single molecule imaging, but are also very easy to clean. The

possibility to recycle them makes it also affordable to use them in the daily routine.

3.2.3 Background from sample holder

The sample holder is made of oxygen-free copper (Fig.a), which creates a strong fluores-
cence and luminescence background under laser illumination, as shown in Fig.[14(e). The
polished metal surface also heavily reflects the excitation light, which further increases the
background. Therefore, the sample holder cannot be directly used as a substrate to mount

the silica coverslip for single molecule imaging.

To solve this problem, a thin opaque metal disc (Fig.b) was made to cover the sample
holder surface (Fig.[14|c), and the coverslip was mounted on top of it (Fig.d). This 0.1 mm
thick opaque disc was made by quickly flaming a piece of stainless steel using the Bunsen
burner. After flaming, stainless steel becomes non-fluorescent and non-reflective, and delivers
almost zero background (Fig.f). This opaque disc is a crucial component that enables

single molecule imaging with high s/b ratio, and was used for all experiments in this thesis.



3. OPTIMIZATION FOR HIGH IMAGING QUALITY 27

100
80r
601
40+

20!

Intensity (a.u.)

0 ! ! ! ! ! !
(€Y (b) (© (d) (€ () (9) (h)

Figure 13: Silica coverslip contamination by plasma cleaning. Clean silica coverslip was treated
with 15 min plasma cleaning and Bunsen burner flaming alternatingly. The coverslip was excited at
637 nm, and imaged through a 685-50 emission filter. Images showed a growing background after

each plasma cleaning. This background vanished each time after flaming with the Bunsen burner.

A potential drawback of using the opaque disc is that it absorbs all excitation light, and thus
will be locally heated. This local heating brings some negative side-effects. For example, as
the opaque disc is only loosely clamped on the sample holder by a magnetic ring (Fig.d),
the heating-induced thermal expansion/shift of the disc will be directly transmitted to the
sample, causing additional sample drift. Because the total sample drift observed in practice
is moderate, and can be post-corrected, no further optimization has been carried out on this
point. If the thermal-induced sample drift becomes intolerable in potential later applications,
the drift can be reduced by e.g. soldering the opaque disc to the sample holder, or directly
processing the OFC surface to be opaque.

Another related concern is that the sample might also be heated up locally by the opaque disc.
It is difficult to examine the exact temperature in the illuminated area on the coverslip. But
the local heating should be rather minor, because the thermal sensor does not register any
global temperature rise upon laser irradiation, and significant improvement in fluorophore
photostability is observed upon cooling (section . The high transparency of the silica

coverslip should minimize direct heating of the coverslip by the laser, and the high thermal
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conductivity of the cooling units should deliver effective dissipation of the laser energy.

In short, the opaque disc removed the strong background of the sample holder, and enabled

single molecule imaging with high s/b ratio.
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Figure 14: Opaque disc for removing sample holder background. (a) Sample holder made of
oxygen-free copper. (b) Custom-made non-reflective, non-fluorescent disc. (c) Sample holder sur-
face covered by the opaque disc. (d) Opaque disc sandwiched between the sample holder and the
coverslip, held together magnetically by a clamping ring. (e) Fluorescence image of the sample
holder surface in (a), taken with 637 nm excitation, 685-50 emission filter, and 0.2's exposure time.
(f) Fluorescence image of the opaque disc surface in (b), taken under the same conditions. (g)

Comparison of the intensity profile along the lines in (e) and (f).

3.2.4 Background from objective

Modern objectives contain many lenses made of glass, which is weakly fluorescent. Some
of these lenses are glued together using optical adhesive, which is often fluorescent as well.
Moreover, each surface of a lens reflects a certain amount of the excitation laser despite
anti-reflection coatings. The reflected laser together with the auto-fluorescence created by
the bulky lens array form a strong background source when laser light is passed though

the objective. However, the objective-generated background is rarely discussed in the fluo-
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rescence microscopy literature, because it usually contributes a rather minor signal to the
overall background for most of the microscopy techniques using high NA objectives. For
example, in confocal microscopy the background light generated within the objective will be
completely blocked by the imaging pinhole, because the objective lenses are located far away
from the focal plane. In TIRF /HILO microscopy, the objective lenses are illuminated by the
excitation laser only on the side far away from the optical axis, which contributes minimally
to the image background. However, in this project, when using a 0.7 NA air objective in
normal wide-field illumination scheme, the objective-introduced background starts to limit

the s/b ratio for single molecule imaging.

As demonstrated in Fig.[I5 under 637 nm laser illumination, placing an air or a water ob-
jective into the microscope boosted the image background by a factor of ~2.1 or ~2.7,
respectively. When placing a silica coverslip at the focus of the water objective, another
~ 7% was added to the background.

(a) No  objective, (b) Air  objective, (c) Water objective, (d) Water objective +
Int = 34 Int = 72 Int = 93 silica coverslip, Int = 100

Figure 15: Objective-introduced background. Images were captured on an EMCCD camera
with 637nm illumination, 685-50 emission filter, 1s exposure time, and zero EM-gain in four
situations: (a) No objective was present in the microscope. (b) An air objective (LUCPLFLN,
Olympus, 60x /0.7 NA) was placed in the microscope. (c) A water objective (UPlanSApo, Olympus,
60x/1.2 NA) was placed in the microscope. (d) A clean silica coverslip was placed at the focus
of the water objective. Average intensities of the illuminated area were calculated and normalized

with respect to (d). Images were displayed with the same gray scale.

The spectrum of the background signal (Fig. revealed components of the excitation laser
as well as fluorescence from the detection window. This indicates that the background is
created by the reflected laser on the multiple surfaces of the objective lenses and the coverslip,
as well as by the auto-fluorescence of the lenses. This agrees with the fact that the water

objective contains more lenses than the air objective, thus creating a stronger background.

As the lenses inside the objective are far from the focal plane, iris filtering in the image plane
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has been attempted to reduce the background. To create a new image plane for filtering, a
pair of achromatic lenses were placed before the camera tube lens to form a 4f scheme. At
the focal plane (image plane) between these two lenses, an iris was placed to reject the out-
of-focus components of the image, in analogy to the pinhole filtering in confocal microscopy.
However, no evident background reduction was observed till the iris was half closed (Fig.[17).
This indicates that iris filtering on the image plane is hardly effective to remove the out-of-

focus components when using a low NA objective with long working distance.
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Figure 16: Spectrum of objective-introduced background. Objectives were placed in the micro-
scope, and spectra were measured under 637 nm laser illumination through a 685-50 emission filter,
using a CCD array spectrometer (AvaSpec-2048-USB2, Avantes) with 30s exposure time, averaged
for 6 measurements. Tested objectives were: Nikon air objective (TUPlanApo, 100x /0.9 NA),
Olympus air objective (LUCPLFLN, 60x/0.7 NA), and Olympus water objective (UPlanSApo,
60x /1.2 NA) .

Another way of eliminating the background is using time-gated imaging, because the laser
reflection and the auto-fluorescence of the glass occur on different time scales as compared
to the fluorescence of dyes. However, this technique requires fast cameras that can be
triggered on the picosecond time scale, which are not yet available. But photodetector
manufactures report rapid progresses with the development of these fast cameras, which will
become available in the near future. To the date of this project, the objective-introduced
background is the limiting factor for a further increase of the s/b ratio when using a 0.7 NA

objective with normal wide-field illumination.
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(a) Iris open, Int = 6326 (a.u.) (b) Iris half closed, Int = 6307 (a.u.)

Figure 17: Iris filtering at the image plane. A 4f system was introduced in front of the camera tube
lens using a pair of achromatic lenses (f = 75 mm, AC508-075-A-ML, Thorlabs, GmbH, Germany).
An iris was placed at the newly created image plane between the two lenses to remove the out-of-
focus components of the image. Average background intensities were measured when the iris was
fully opened (a) and half closed (b). Images were taken with 637 nm excitation, 100 EM-gain, and

0.2s exposure time.

3.3 Imaging quality

The optimizations of the imaging system by using aberration-correcting objectives, background-
free silica coverslips, and a background-removing opaque disc have resulted in successful

single molecule imaging in the cryostat at 89 K.

As demonstrated in Fig. single Atto647N molecules were spin-coated on a silica coverslip,
and the sample was imaged at 89 K using the Olympus air objective with an appropriate
setting of the correction collar. Single molecules were resolved with excellent s/n and s/b
ratios, and the first-order ring of the diffraction pattern was clearly visible (Fig.[18|a-c). More
interestingly, after defocusing ~ 3 pm, the defocused patterns were also resolved (Fig.d—
f). These patterns had identical shapes across the FOV, and had rotationally symmetric
intensity profiles. This indicates superb imaging quality with minimal field distortion and

spherical aberration.

It was noticed that the imaging quality was extremely sensitive to the setting of the correction
collar. Therefore, a complete elimination of the spherical aberration is in practice hardly
achievable by manually adjusting the collar. As a result, the detected PSF often appears
slightly larger than the theoretically predicted size. Nevertheless, this effect can be treated
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as a systematic error, and can be corrected in the post-analysis. The slight broadening of
the PSF also does not affect any localization based analysis, because it does not change the

centroid position of the PSF.
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Figure 18: Single molecule imaging at 89 K. Single Atto647N molecules were imaged on a silica
coverslip at 89 K with 1s exposure time and 100 EM-gain. The original tube lens (f = 180 mm)
was replaced by an achromatic doublet (f = 300 mm) to deliver an enlarged magnification of 100x.
(a) The sample was imaged in focus. (b) Zoom-in on the red square in (a). (c) Intensity profile
along the line in (b). (d) The sample was imaged after defocused ~ 3 pm. (e) Zoom-in on the red
square in (d). (f) Intensity profile along the line in (e). Arrows pointed to the side rings of the

diffraction pattern.

Remarkably, when imaging single molecules with fixed dipole orientations (e.g. when frozen),
alow NA air objective is advantageous over a high NA immersion objective for single molecule
localization. The reason is that a low NA objective is insensitive to the orientation of

the emitter’s dipole!68!,

thus always delivers symmetric PSFs regardless of the molecule
orientation. This greatly simplifies the localization analysis based on PSF fitting, because
one can always assume that the PSF has a 2D Gaussian shape. Moreover, a low NA objective
is less sensitive to the vertical drift due to the larger focal depth, which is especially beneficial

for long-term measurements.



4. SAMPLE PREPARATION 33

4 Sample Preparation

4.1 Introduction

Preparing samples for cryogenic imaging is a task that requires great know-how and expe-
rience. A dedicated workflow has been developed for sample preparation in cryo-EM. The
involved techniques include sample vitrification in amorphous ice using high pressure freez-

58 or plunge freezing®?, sample segmentation using automated diamond knife, sample

ing
fixation on the suspended carbon film on the EM grid, etc. Although these techniques can
be used to prepare samples for cryo-FM as well, the expensive apparatus and the required

expertise make them not feasible for most of the labs.

If only cryo-FM is desired (without correlative measurement with cryo-EM), samples can
also be prepared on coverslips using conventional protocols. Special care has to be given
only to the final mounting medium, which should have glassy freezing character and vacuum
compatibility. The choice of the mounting medium strongly depends on the sample prop-
erties. In this section, three mounting strategies are introduced, which cover most of the

sample types.

4.2 Dry mounting

For small rigid single molecule samples prepared in solution (e.g. DNA constructs, small
proteins, etc.), the solution can be directly deposited onto the coverslip by spin-coating or
pipetting, and left for drying in air. These samples are typically rigid enough to keep their

structures after being dried, and are also vacuum compatible.

This “dry mounting” is the easiest method to prepare cryo-compatible samples, and it has
several advantages. (i) The absence of the mounting medium assures a minimal background,
hence delivers a high s/b ratio. (ii) The dry sample can be conveniently loaded into the
cryostat at RT, and then gradually cooled down without concern for water crystallization.
(iii) The silica coverslip has high surface smoothness of 1.5 nm RMS, as shown in atomic force
microscopy (AFM) image in Fig.[19|(a)-(b). After drying, the sample mostly lies “flat” on
the surface, as demonstrated with DNA rods in Fig.[20] (iv) Dry mounting does not require
additional sample immobilization. This avoids any uncontrollable geometrical change of

the intermediate immobilization layer such as bovine serum albumin (BSA) after drying. As
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shown in Fig.[19(c)-(d), a BSA-coated coverslip surface displayed many nonuniform “islands”
after drying. All in all, dry mounting provides the maximal convenience and reliability for

cryo-sample preparation.
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Figure 19: AFM image of silica coverslip surface. (a) AFM image of the surface of a cleaned
silica coverslip. (b) Height profile along the line in (a). (¢) AFM image of a silica coverslip surface
coated with 0.2mg/ml BSA after air-dried. (d) Height profile along the line in (c¢). AFM image
taken by Iwan Schaap.

4.3 Polymer medium mounting

For samples of greater sizes, such as vesicles, large protein complexes, or cellular structures,
a mounting medium is typically required to maintain their physical structures. For these
samples,; two polymer based mounting media — glycerol and polyvinyl alcohol (PVA) — are

preferred for several reasons.

First, glycerol has a very low evaporation rate® and PVA behaves as a solid medium after
being dried, thus they both can be used in vacuum. Secondly, these mounting media exhibit

a glassy cooling behavior, thus they can be loaded into the cryostat at RT, and then gradually
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Figure 20: DNA rods on silica coverslip. DNA rods (350R, GATTAquant GmbH, Germany) were
marked at two sites separated by 350 nm using multiple Atto647N dye molecules. The rod solution
was deposited onto a silica coverslip using a pipette, and left air-dried. TIRF image using a 1.49
NA objective at 140x magnification resolved the two marking positions for almost all the rods,

indicating that they lie flat on the surface after dried. Scale bar: 10 pm.

cooled down without crystallization. As demonstrated in Fig.21] after cooling PVA from
RT (293 K) to 89 K in the cryostat, the background level remained the same, indicating the
absence of crystallization. Thirdly, these media deliver minimal background, which makes

the observation of single fluorescent molecules possible (Fig..

In summary, if a mounting medium is necessarily required, glycerol and PVA are optimal

choices due to their vacuum compatibility, glassy cooling profile, and minimal background.

4.4 Aqueous medium mounting

Aqueous mounting medium cannot be avoided for certain samples to keep their structural
or biological properties, e.g. for cells cultivated in a particular buffer. To prepare these
samples for cryo-imaging, rapid freezing becomes necessary to avoid ice crystal formation in
the sample. Ice crystals damage the sample in multiple ways. For example, they destroy fine

structures of the sample, and deliver strong background for both cryo-EM and cryo-FM.
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(a) 293 K (b) 89 K (c) Line profile
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Figure 21: PVA as mounting medium. Single Atto647N molecules were dissolved in 1% PVA in
water. 1nL solution was spread on a silica coverslip using a pipette, and left air-dried. The sample
was loaded into the cryostat at RT (293 K), and was gradually cooled down to 89 K. (a) Image
taken at 293 K with 1s exposure time and 100 EM-gain. (b) Image taken at 89 K under the same

condition. (c¢) Background comparison between the lines in (a) and (b). Scale bar: 20 pm.
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Figure 22: Water crystallization by gradual cooling. 0.25 pnL solution of Atto647N molecules was
sandwiched between two silica coverslips of diameter 12 mm, delivering an aqueous layer of ~ 2.2 um
thick. The sample was loaded into the cryostat at RT (293 K), and was gradually cooled down to
89 K. (a) Image taken at 293 K with 1s exposure time and 100 EM-gain. (b) Image taken at 89 K
under the same condition. (c¢) Background comparison between the lines in (a) and (b). Scale bar:

20 pm.

Cooling in the cryostat is not fast enough to avoid water crystallization. As demonstrated
in Fig.[22] a 2.2 pm thin water layer containing single Atto647N molecules was cooled down
from RT to 89 K in the cryostat. The crystallization of water boosted the background level

by about 1.6 times, and hindered the observation of single molecules.
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Therefore, samples have to be frozen using special rapid cooling techniques prior to the
experiment, and then can be loaded into a pre-cooled cryostat below the glass transition
temperature of water (~135K). This can be done using a new workflow developed in
this project (section . However, the expensive rapid freezing apparatus and the effort-
demanding cryo-transfer make the aqueous medium in general not favored for cryo-sample

preparation.

5 System Operation

5.1 Sample transfer at RT

Samples prepared in a dehydrated form by “dry mounting”, or fixed in a medium of glassy
freezing profile (e.g. glycerol or PVA) can be loaded in to the cryostat at RT, and then
gradually cooled down to CT.

The sample transfer is straight forward. First, the silica coverslip or the EM grid containing

13

the sample is fixed on the sample holder by magnetic clamps (Fig.. Then, the “warm”
cryostat is opened at RT, and the sample holder is loaded onto the sample mount. Next, the
cryostat is closed, and a vacuum is generated using a turbo pump. When the pressure in the
cryostat reaches ~ 1072 Pa (measured by the integrated barometer in the turbo pump), the
vacuum valves are closed, and the pump is stopped. Lastly, the LN2 is fed into the tank,
and the sample is gradually cooled down with a temperature profile shown in Fig.[7] After
ca. 10min, the sample reaches a stable temperature of 89 K, and is located in a vacuum of

~ 1073 Pa (pressure further reduced by the cold tank).

Sample transfer at RT is convenient, and the whole process takes only about 10 minutes to
finish. The sample can be almost instantly measured after the injection of LN2 due to the

fast cooling rate of the cryostat.

5.2 Sample transfer at CT

There are in general three situations in which samples need to be loaded into the cryostat
at CT. (i) The sample is prepared in a hydrated mounting medium, and is pre-frozen using
fast freezing techniques. (ii) High throughput is desired, i.e. multiple samples need to be

examined in a series at CT. (iii) Correlative measurements with cryo-EM are required.
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Sample transfer at CT must avoid any exposure to the humid air to prevent ice condensation,
and must be carried out below the glass transition temperature of water (~ 135 K) to avoid ice
crystal formation in the sample. To meet these requirements, a workstation was constructed,
and a workflow was developed for intact sample transfer at CT (Fig..

Figure 23: Sample transfer at CT. (a) A cold cryostat sitting in the workstation for sample
transfer. (b) Opening the window disc. (c¢) Sample transfer under cold nitrogen gas curtain. (d)

Closing the window disc.

The workstation consists of two acrylic glass boxes (Fig.a), which insulate the cryostat
from the humid lab environment. These boxes are constantly flushed with nitrogen gas from
the institute’s supply, which creates a relative dry environment with a humidity of ~ 20 %
(v.s. lab humidity of ~85% in June in Gottingen). A cold cryostat — either pre-cooled for

sample loading, or containing a sample for unloading — is kept in place in the workstation via
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kinematic mounts. A vacuum pipe and a nitrogen supply pipe are connected to the cryostat

for operation.

(b)

Figure 24: Nitrogen purging on the optical window. (a) Cryostat with a purging pipe (blue)
connected to the outlet channel of the LN2 tank. (b) Purging the optical window with dry nitrogen

gas keeps it clear from ice condensation.

Prior to sample transfer, the LN2 from the dewar is streamed through a long copper pipe,
which heats up the LN2 to its gaseous form by the ambient temperature. The nitrogen gas
extracted directly from its liquid form can be considered as “100 % dry”. This dry nitrogen
gas is gently supplied to the vacuum chamber. When the pressure inside the cryostat reaches
atmospheric pressure, the window disc can be opened (Fig.b). Next, a stronger LN2 flow
is immediately supplied, and the cold nitrogen gas flushes down around the sample, forming a
“gas curtain”. Under this curtain, the sample can be safely transferred to/from a small LN2
storage dewar (Fig.[23|c). After the sample transfer is done, the nitrogen curtain is retracted
by terminating the LN2 supply. Finally, the window disc is quickly closed (Fig.[23|d), and
the vacuum is regenerated. During the whole procedure, the temperature of the sample

mount is kept below 115K (measured by imbedded thermal sensor).

This sample transfer procedure prevents ice condensation on the sample and on the inner
parts of the cryostat. However, flushing the cryostat with cold nitrogen gas also cools
down the vacuum housing to below 0°C. If directly removing the cryostat from the dry
workstation and placing it back to the microscope, ice will form on the outer surface of the

vacuum housing, as well as on the optical window. There are two possible ways to avoid
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this. (i) One can heat up the vacuum housing to above 0°C in the workstation using e.g. a
hair drier, and then place the cryostat back to the microscope. (ii) A flexible pipe can be
connected to the outlet channel of the LN2 tank (Fig.a), and guides the evaporated dry
nitrogen gas to purge gently on the optical window (Fig.b). This also keeps the window

locally clear.

When comparing this procedure to sample transfer at RT, CT transfer demands more efforts
and experiences, and takes a longer time of about ~ 30 min to finish. Flushing the nitrogen
curtain also consumes more LN2. Therefore, it is in general preferred to prepare the sample

in dry form, or in glycerol/PVA, so that the convenient RT transfer can be applied.

5.3 Gas supply

The sample is located in a high vacuum of ~ 1072 Pa in the cryostat. The lack of oxygen
influences certain chemical properties of the fluorophore. For example, Atto488 and Alexa488

dyes are trapped in dark states in vacuum due to the absence of oxygen (section |7.3).

To provide the possibility of feeding certain gases to the sample, a piping system has been
designed as an add-on to the cryostat (Fig.. This piping system contains a vacuum pump
port, a gas supply inlet, and a pressure release outlet. Each channel is equipped with a valve
for separate control. This system is connected to the vacuum valve of the cryostat, and feeds
gasses into the vacuum chamber. The gas pressure is measured by the internal barometer
in the turbo pump, and is controlled manually by adjusting the valves. The manual control
can be automated using commercially available pressure controllers, which provide more
convenience and higher precision. This piping system is also used for sample transfer at CT,

as described in section [5.2l

The supplied gas has to be “100% dry” to avoid ice contamination of the sample. Oxygen
and nitrogen extracted directly from their liquid forms have been tested to meet this condi-
tion. One challenge of supplying gases to the vacuum space is that it reduces the thermal
insulation, and thus disturbs the thermal stability of the system. This brings about several
side-effects. (i) The temperature on the sample may rise due to the heat transfer through
convection. (ii) LN2 evaporation will be accelerated, thus the total duration of CT will de-
crease. (iii) The optical window will be cooled down to below 0°C, and ice will form on the

outer surface of the window. (This effect can be eliminated by gas purging on the window,

as shown in Fig.[24)).
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Figure 25: Piping system for gas supply.

However, in most of the cases, only a very little amount of gases is needed, e.g. to quench
the dark state of Atto488 and Alexa488 dyes. This little amount of gas has rather minor
influence on the thermal stability, but brings important chemical effects to the sample.
Therefore, supplying gasses to a vacuum-insulated cryostat is worth applying, having only

small impact on the thermal stability.
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Part 11

ORGANIC DYE PROPERTIES AT
89 K

This part of the thesis explores the properties of commonly used organic dyes at
89 K. Section [6] demonstrates the photostability enhancement upon cooling to
CT. Section [7] investigates the influence of low temperature and vacuum on the

blinking behaviour. Section [§ examines the fluorescence spectrum at 89 K.
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6 Photostability

6.1 Photostability enhancement at 89 K

Photobleaching is one of the major challenges for fluorescence microscopy. It limits the
number of photons that can be detected from a sample. The limited photon yield is the
bottleneck to achieve a higher resolution for all fluorescence microscopy techniques. It is
known that the photostability of organic dyes will be increased upon cooling to CT, which
results in a much higher photon yield. However, most of the existing studies are based on
ensemble measurements. In this thesis, the photostability of organic dyes was examined on

the single molecule level at 89 K.

Alexa647, Atto674N, Atto655, and Cyd dyes have been tested for photostability at 89 K.
These red dyes were chosen for multiple reasons. (i) They have high brightness, thus are
suitable for single molecule detection using a low NA air objective. (ii) They are very well
developed and commercialized, and have been widely used in research, especially in the field
of super-resolution microscopy. (iii) The red channel (e.g. with 637 nm excitation) is almost
free from fluorescent impurities, which is crucial for single molecule experiments. The blue
channel (e.g. with 488 nm excitation) and the green channel (e.g. with 532 nm excitation)
often show impurity signals, which can hardly be totally removed. (iv) Alexa488 and Atto488
are excluded from this test, because they will be trapped in the dark state in vacuum (section

[7), thus it is difficult to examine them on a single-molecule level.

Among the chosen dyes, Atto647N was taken as a representative for a detailed report in this
section. To investigate the photostability enhancement, a photobleaching test was carried
out at RT (294 K) and CT (89 K) on the single molecule level. An Atto647N dye solution (~
100 pM) was spin-coated on a cleaned silica coverslip, forming a layer of single molecules. The
sample was excited using a 637 nm CW laser with an irradiance of ~ 300 W /cm?. Consecutive
series of images were recorded at 294 K (movie 1, extracted frames shown in Fig.26la) and
at 89 K (movie 2, extracted frames shown in Fig.[26]b) with a frame rate of 0.5 Hz and 1 Hz,

respectively.

To quantify the photobleaching, the number of molecules in each frame was counted. As
shown in Fig.[26)(c), at 294 K, almost all molecules were bleached after about three minutes,
whereas at 89 K, still ~ 31 % molecules remained fluorescent after about four hours. The ratio
between the half-life period at 294 K (~20s) and at 89 K (~7600s) suggested a ~ 380-fold

photostability enhancement.
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Figure 26: Photobleaching of Atto647N molecules at 294 K and 89 K. (a, b) The first, middle, and
last frame of movie 1 and movie 2. Scale bar: 10 pm. (c¢) Comparison of photobleaching between
294 K and 89 K. Number of molecules in each frame of the movie was counted, and the fraction with
respect to the first frame was calculated. (d, e) Total number of detected photons per molecule
till photobleaching. The molecules in the last frame of movie 2 were excluded from this analysis.
The histograms of the photon count were fitted to an exponential decay. Data analysis assisted by

Simon Stein.

Alternatively, the number of photons detected from each single molecule till photobleaching
was determined. To obtain the photon numbers, the PSF of each molecule was fitted to
a 2D Gaussian function using the rapidSTORM ™! software. The fitted amplitude A was
converted to photon counts N using a formula provided by the camera manufacturer in the

form of N = (A — b)s/g, where b is the camera bias, s the device’s specific sensitivity, and
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g the EM-gain. The photon count N was summed up over all frames for each molecule to

obtain the total photon yield.

As shown in Fig.[26)(d) and (e), at both temperatures, the histogram of the photon yield
exhibited an exponential decay, as expected from the theoretical prediction. The average
photon yield increased from 3.8 x 10* at 294 K to 3.5 x 10% at 89K, suggesting an increase

by two orders of magnitude.

A similar photostability enhancement was observed for Atto655, Alexa647, and Cyb dyes as
well. These results clearly indicate that the photostability of organic dyes can be drastically
enhanced upon cooling to LN2 temperature of 89 K, delivering an average photon yield of
several millions per molecule. This large amount of photons opens fascinating possibilities
for many new applications, e.g. the localization of single molecules with exceptional high

precision, as described in section [9}

6.2 Photostability at different excitation powers

Besides temperature, another factor which influences the photobleaching is the excitation
power. At RT, higher excitation power leads to faster photobleaching and less photon yield.

This effect is examined at 89 K in this section.

Photobleaching experiments described in the previous section (Fig. were repeated at
four excitation powers at 89 K. As shown in Fig.[27] when increasing the excitation power,
photobleaching became faster (27)a), and the histogram of the photon yield shifted towards
Zero (Fig.b). The resulting average total photon yield decreased with exponential decay

(Fig.[27c).

These results suggest that at 89 K, increasing the excitation power does not only accelerate
the photobleaching process, but also reduces the total photon yield. Therefore, a high
excitation power is not preferable if a large photon number is desired, e.g. for high precision
localization. Moreover, a higher excitation power also results in a faster and larger sample
drift, which is especially troublesome for experiments with long exposure time, as the sample

will shift during the exposure.
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Figure 27: Photon yield at different excitation powers at 89 K. (a) Photobleaching of Atto647N
molecules at four excitation powers. Experiments and analysis were performed as described in
Fig. (b) Histogram of the total photon yield per molecule, determined as described in section
Notice the different scale of the x axis in the first plot. (c) Average photon yield at four

excitation powers, fitted to an exponential decay. Data analysis assisted by Simon Stein.

7 Blinking

7.1 Introduction

Blinking is an intrinsic property of many fluorescent molecules, such as organic dyes, fluo-
rescent proteins, quantum dots, silver/gold nano-particles, etc. The underlying mechanism
is typically associated with the dark state (e.g. triplet) dynamics of the fluorophore. Blink-
ing has given rise to many important applications, especially in the field of super-resolution
SMLM, such as (d)STORM or PALM. These techniques reduce the blinking rate (on/off ra-

tio) of organic dyes or fluorescent proteins in such a way that only a sparse subset of molecules
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are fluorescent during each image acquisition. The sparsity assures no PSF overlapping of
the “on” molecules in each frame, and single molecules can be localized individually with a

precision far below the diffraction limit.

Various approaches have been developed to control the blinking behaviour of fluorescent
molecules. For example, for fluorescent proteins, tremendous efforts have been invested
in adjusting the fine structures such that the proteins can be switched on/off by light of

H27 - For organic dyes, the blinking can be either photon-controlled

different wavelengths
by placing a “switching assistant molecule” close to the target dye (STORMH2) or can be
chemically induced by adding certain substances (e.g. aliphatic thiols) to the imaging buffer
(dSTORM [72J). For both approaches, an oxygen scavenging buffer system is necessary to

prolong the life-time of the dark state.

Interestingly, it was found in this project that the particular environment of vacuum and
low temperature also has strong influences on the blinking behaviour of organic dyes. The
tested dyes can be categorized into two groups regarding two different blinking behaviors
under these conditions. (i) The blinking of Alexa647, Atto647N, and Cy5 molecules is slowed
down by ~ 10 fold, which is described in section [7.2| (ii) Alexa488 and Atto488 molecules
are trapped in the dark state, and return to the fluorescent state in a stochastic manner,

which is described in section [7.3]

7.2 Blinking of Alexa647, Atto647N, and Cy5 dyes

Alexa647, Atto647N, and Cy5 are the most commonly used dyes for SMLM. Among these

dyes, Alexa647 was chosen for a thorough examination of the blinking behaviour at CT.

To examine the influence of vacuum and low temperature on the blinking behaviour sep-
arately, movies of single Alexa647 molecules were taken with 50 ms exposure time in the
cryostat in three conditions (movie 3): (i) air, 293 K; (ii) vacuum, 293 K; (iii) vacuum, 89 K.
The intensity traces of each molecule were extracted from the movies, and the duration of
the “on” and “off” time (in the unite of frame) was histogrammed for all the traces in each

movie.

As shown in Fig.[28] the average “on” time of Alexa647 molecules was shortened by about
three times (9.9/3.1) in a vacuum of ~ 1072 Pa, and was further reduced by about 1.4 times
(3.1/2.2) when cooling down to 89 K. On the other hand, the “off” time was extended by a

factor of 1.4 and 1.3 correspondingly. As a result, the final on/off ratio was reduced by ca.
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ten times from 3.3 to 0.37 in vacuum at 89 K.
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Figure 28: Blinking of Alexa647 molecules. Single Alexa647 molecules were imaged with 50 ms
exposure time and 30 EM-gain in three conditions: (a) air, 293 K; (b) vacuum, 293 K; (c) vacuum,
89 K. The duration of the on and off frames was determined from the single molecule intensity
traces, and was histogrammed for all the molecules. The arithmetic mean of the on and off time

was used to compute the on/off ratio. Data analysis assisted by Simon Stein.

The reduction of the on time and the corresponding extension of the off time in vacuum
can be attributed to the removal of oxygen. It has been well known that oxygen is a strong
triplet state quencher. Therefore, in vacuum, the absence of oxygen strongly prolongs the
life-time of the dark state. Furthermore, when cooling down to 89 K, the vibrational energy
of the molecules will be reduced, which decreases the transition probability from the dark

state to the ground state, thus further extending the dark state duration.

The final on/off ratio of 0.37 (less than 0.5) indicates that the probability for a molecule to
be in the on state is less than one half. This means that if there are only two molecules
located within diffraction-limited spot, they can be separated in the temporal domain. This
provides a new possibility to colocalize two molecules with very high precision (resolution),
which is discussed in section [10.4l

The slowing down of the blinking has also been observed for Atto647N (movie 4, 50 ms
exposure) and Cyb molecules (movie 5, 10ms exposure). Remarkably, Cy5 has a higher
brightness than Alexa647 and Atto647N, thus allowing for a very short exposure time of

10 ms without scarifying the s/n ratio.
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7.3 Blinking of Atto488 and Alexa488 dyes

Unlike Alexa647, Atto647N, and Cy5 dyes, Atto488 and Alexad88 dyes were trapped “firmly”
in the dark state in vacuum due to the lack of oxygen. As demonstrated in Fig.29, when
placing Atto488 molecules in a vacuum of ~ 3.4 x 1072 Pa in the cryostat (at RT), almost
all the molecules became non-fluorescent. After feeding pure oxygen into the cryostat, the
molecules returned to the fluorescent state. This result indicates that these fluorophores pos-
sess a long-living dark state, the duration of which can be drastically extended by removing

oxygen.

(a) air (b) vacuum (c) oxygen

Figure 29: Atto488 molecules in vacuum. Atto488 molecules were imaged on a silica coverslip in
the cryostat in three conditions: (a) in air; (b) in a vacuum of 3.4 x 1072 Pa (measured at integrated
barometer in the turbo pump); (c¢) in pure oxygen. Images were taken with 473 nm excitation, 0.1s

exposure time, and 100 EM-gain. Scalebar: 10 pm.

This result suggests the possibility of performing STORM at CT using Atto488 and Alexa488
dyes. To demonstrate cryo-STORM, Atto488 dye solution with a relative high concentration
was dried on a coverslip, and the sample was imaged in vacuum at 89 K at 473nm laser

2. A movie was taken with 50 ms exposure

excitation with an irradiance of ~0.75kW /cm
time and 100 EM-gain. As shown in movie 6 (extracted frames displayed in Fig., upon
laser irradiation, the molecules were quickly pushed into their dark states, and only a sparse
subset stochastically returned to the fluorescent states. This process lasted for over 12000
frames (only the first 500 frames shown in the movie) until all the molecules in the “dark
state reservoir” switched on and photobleached. Similar behaviour has been also observed

for Alexa488 molecules, as shown in movie 7.

These results suggest that STORM can be directly applied in the absence of oxygen at
89K, without the need of any imaging buffer. The vacuum plays the role of the oxygen-
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scavenging buffer for conventional (d)STORM, and the low temperature delivers enhanced
photostability of the dye molecules. Under these conditions, stochastic photoswitching with
sufficient sparsity can be automatically achieved using Atto488 and Alexa488 dyes. These

dyes are pushed into the dark state and are sparsely read out at the same laser wavelength.

(a) Frame 1 (b) Frame 10 (c) Frame 100

(d) Frame 1000 (e) Frame 10000

Figure 30: Stochastic photo-switching of Atto488 molecules at 89 K. Five frames were extracted
from the full-length data of movie 6 (first 500 frames shown in the movie), demonstrating the
off-switching of the Atto488 molecules upon laser irradiation at 473 nm, and the sparse stochastic
on-switching using the same laser. Images were taken with 50 ms exposure time and 100 EM-gain.

Scalebar: 10 pm.

As for STORM at RT, a key factor that assures the stochastic switching is sufficiently
large excitation power. When reducing the irradiation intensity used in movie 6 from ~
0.75kW /cm? to ~0.2kW /cm?, the stochastic switching was suppressed. As shown in movie
8, many molecules remained constantly on, and only a few molecules switched from the dark

state to the fluorescent state.

The prolonged triplet state, however, is not favorable for some other microscopy techniques.
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For example, cryo-STED has been attempted at 76K in a vacuum cryostat®?. In this
approach, the build-up of the triplet state population becomes the major challenge for STED
at CT, because it reduces drastically the brightness of the sample. The authors attributed
the prolongation of the triplet state to the low temperature of 76 K, and introduced a method
to depopulate the triplet state by illuminating the fluorophore with an additional laser that
matches the transition energy between the triplet state and the ground state, similar to the
“stimulated emission depletion” from the excited state to the ground state using a STED
laser. However, the results in this section indicate that the absence of oxygen is more likely
the dominant reason for inhibiting the triplet state depopulation. Thus, another and easier
way to quench the triplet state is to feed a little amount of pure oxygen to the sample in

vacuum, which can be done using the cryostat developed in this project (section [5.3)).

8 Fluorescence Spectrum

The spectrum of fluorescent molecules narrows down to a single line when cooling to the
LHe temperature of 4 KB, The distinct separation of single-molecule spectra at 4 K can be
also employed to distinguish between different types of molecules in cryo-FM 63 However,
fluorescence spectra at LN2 temperatures have not be thoroughly examined. In this thesis,
the emission spectra of several commonly used organic dyes were measured at 89K in en-
semble. To include the possible influence of the absence of oxygen, the spectra were also

measured in vacuum at RT as a reference.

To measure the emission spectrum, solutions of organic dyes (Alexad88, Atto488, Alexa647,
Atto647N, and Atto655) were deposited onto silica coverslips, and the samples were loaded
into the cryostat. The emission spectrum was measured in three conditions: (i) air, 293 K;
(ii) vacuum, 293K; (iii) vacuum, 89 K. As shown in Fig.[§] except for the Atto488 dye, all
other tested dyes exhibited no evident change in the spectrum upon the removal of oxygen
or cooling down to 89 K. This result suggests that the temperature of 89 K is not low enough
to “freeze out” the vibrational states of the fluorophores, thus does not affect the emission
spectrum. The spectrum of Atto488 dye displayed a minor change around 670 nm, far away
from the emission maximum. This is possibly due to the lack of oxygen which hinders the
depopulation of the triplet state, as discussed in section

The unchanged emission spectrum at 89 K indicates a minimal change of the chemical prop-
erties of the fluorophore. This is beneficial for cryo-FM, because the high brightness and the

enhanced photostability of the dyes is sustained at 89 K. Moreover, many super-resolution
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techniques which strongly rely on the chemical properties of fluorophores will still work at
89 K. For example, cryo-PALM (using FPs) has been demonstrated recently to super-resolve
mitochondria membranes by Xu and colleagues at LN2 temperatures ™. Cryo-STORM (us-
ing organic dyes) was shown to be applicable at 89 K in this project (section .
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Figure 31: Emission spectrum of organic dyes in vacuum at 89 K. Emission spectra of several
organic dyes were measured using a spectrometer (2048-USB2-FCPC, Avantes) with 1s integration
time in three conditions: (i) air, 293 K; (ii) vacuum (~ 1072 Pa), 293 K; (iii) vacuum (~ 1073 Pa),
89 K. Atto647N, Atto655, and Alexa647 dyes were measured under 637 nm laser excitation through
a 665 nm long pass filter (665 LP ET, Chroma). Atto488 and Alexa488 dyes were measured under
473 nm laser excitation through a 500 nm long pass filter (500 LP ET, Chroma).
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Part 111

APPLICATIONS

This part of the thesis presents two applications of the cryo-fluorescence mi-
croscopy system. Section [9] demonstrates single molecule localization with sub-
nanometer precision. Section [10] discusses several possibilities for dual molecule

colocalization with single nanometer resolution.
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9 Single Molecule Localization

The superior mechanical stability of the cryo-imaging system and the drastically enhanced
photon yield of organic dyes at 89 K allow for the localization of single molecules with an
exceptional sub-nanometer precision. A robust procedure was developed in this project to

correct for sample drift, which determines the localization precision,.

To demonstrate this procedure, the full-length data of movie 2 was used as an example. First,
the movie was analyzed using the freeware rapidSTORM ™ which returned the localizations
of single molecules in each frame. An overlay of these localizations reflected the lateral sample
drift (Fig.a). To correct for this drift, single molecule tracking was performed, and the
frame-to-frame displacement was averaged for all molecules, delivering the average sample
drift (Fig.[32b). This drift was subtracted from the original positions of the molecules frame
by frame. The resulting drift-corrected positions constituted well-defined clusters (Fig.[32)c).
The histogram of these clusters (Fig.[32]f) could be well fitted with a nearly circular Gaussian
distribution (Fig.[32g), with an ellipticity between zero and 10 %. The center position of each
Gaussian fitting determined the position of the single molecule. The localization precision

was given by the standard error of mean ogg); of the cluster averaged over 2D using equation:

O'1+O'2

OSEM = N (2)

where o and oy are the standard deviations along the two principal axes of the cluster, and

N is the number of localizations.

As the number of localizations N differed from molecule to molecule, the determined localiza-
tion precisions ogpys also displayed a distribution, as shown in Fig.(a). The relationship
between the localization precision and the number of detected photons agreed excellently
with the theoretical predictions derived by Mortensen et al./™ The statistics showed that
more than 80 % of the molecules were localized with a precision below one nanometer. The
same analysis was applied to the full-length data of movie 1 measured at RT (Fig.[33b). The

comparison showed a clear ten-fold improvement in the localization precision at 89 K.

The success of achieving the exceptional sub-nanometer localization precision relies on the
superior mechanical stability of the imaging system, which delivers moderate post-correctable
lateral drift and negligible axial drift over many hours. To correct for the lateral drift in this
experiment, the single molecules themselves were used as markers. For other applications,

fiducial markers (e.g. fluorescent beads) can be added to the sample to track the drift. As
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no active online drift compensation (e.g. focal lock) is needed, the setup and the operation

are greatly simplified.

Remarkably, the determined sub-nanometer localization precision is already on the scale of
the size of a fluorophore, and is below the typical length of linkers used for dye labeling of
biological samples. This means that at 89 K, the photon yield is no longer the bottleneck
that limits the final localization precision. The new bottleneck is rather the size of the
fluorescent marker and the labeling technique. Therefore, there is no advantage to further
increase the localization precision, e.g by cooling the sample to a lower temperature using
LHe.
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Figure 32: Lateral drift correction and single molecule localization. (a) Localizations of Atto647N
molecules in the full-length data of movie 2, determined using rapidSTORM software. (b) Averaged
sample drift calculated from the frame-to-frame displacements of all molecules. (c) Drift-corrected
localizations after subtracting the averaged drift. (d) Zoom-in on the red square in (a), displaying
a single molecule trace due to the sample drift from the original molecule positions. (e) Zoom-in
on the green square in (c), showing drift-corrected localizations forming a well-defined cluster. (f)
2D histogram of the localizations in (e). (g) 2D Gaussian fit to the histogram in (f). Data analysis

assisted by Simon Stein.
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Figure 33: Comparison of localization precision between 89 K and 294 K. The determined localiza-
tion precision at 89K (a) and 294 K (b) was plotted against the photon counts detected from each
single molecule. The theoretically expected values™ were computed separately for each molecule
to include the influence of the slightly different local background. The number of molecules was

histogrammed with respect to the localization precision. Data analysis assisted by Simon Stein.

10 Dwual Molecule Colocalization

10.1 Introduction

Most super-resolution microscopy techniques at RT are applied to densely labeled samples,
and deliver a resolution of several tens of nanometers. Another important application of
“super-resolution” is to determine the distance between just two molecules on the nanome-
ter scale. This is important e.g. to measure intramolecular distances, thus could contribute
greatly to structural biology. One technique to measure nanometer distances between two
fluorescent molecules is Forster (fluorescence) resonance energy transfer (FRET)™. How-
ever, this technique has a very limited accuracy, because the exact orientations of the two
molecules are required to calculate the absolute distance™ and this is very hard to measure

in solution for freely rotating dye molecules.

Cryo-FM provides alternative possibilities to measure distances between two fluorescent
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molecules. The drastically enhanced photostability at CT enables single molecule localiza-
tion with sub-nanometer precision. The slowed-down blinking and the fixed orientations of

fluorophores provide new ways to colocalize two molecules with single nanometer resolution.

Recently, Weisenburger et al. demonstrated colocalization of two fluorophores on a DNA
strand with single nanometer resolution®¥. They measured intensity traces of the double-
dye labeled DNA, and due to the extended dark state of organic dyes at CT, they could
sort the cases when both dye molecules were on, and when only one molecule was on.
By performing localizations for these two cases separately, they determined single molecule
positions and averaged double-molecule positions, and then back-calculated the distance
between the two molecules. However, as discussed in their report, this approach has a very
limited success rate (useful intensity traces over all intensity traces) of about 0.1 %. This is
the case because the intensity-based analysis suffers from the irregular blinking of the two
molecules. Therefore, this approach can be hardly generalized due to the poor reproducibility

and the low throughput.

In this section, several other approaches are proposed and examined. Although no robust
solution has been yet fully established, the limitations of each approach and the possible
solutions are discussed. This aims at providing a reference point for follow-up work, and at

stimulating future investigations in this field.

10.2 Colocalization by separate emission

To separate two fluorescent molecules located within the diffraction barrier, one straight-
forward approach is to use two fluorophores with well separated emission spectra. These
two molecules can be imaged through different color channels, and can be localized with
nanometer precision in each channel. Organic dyes provide many options for fluorophore
pairs without spectral crosstalk. For example, Atto488 and Atto674N can be exited individ-

ually at 488 nm and 637 nm, and can be imaged through two spectral channels separated by
over 150 nm (Fig.[34)).

The main challenge for this approach is to correct the position offset created by the chro-
matic aberration between the two color channels. Typically, the emission spectra of the
selected dye pair need to differ by over 100 nm to assure minimal spectral crosstalk. The
resulting chromatic aberration creates position shifts that have to be taken into account
when performing super-resolution microscopy on the nanometer scale!™l . Although it has

been demonstrated that the chromatic offset can be corrected with nanometer precision 74,
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the correction method is complicated and has limited reproducibility.
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Figure 34: Spectra of Atto488 and Atto674N dyes. Well separated spectra of Atto488 and

Atto674N dyes enable individual excitation and detection without spectral crosstalk.

In this project, when using a low NA air objective to image the sample through a thick
optical window, the chromatic offset becomes more severe. As demonstrated in Fig.[35]
multi-color fluorescent beads were imaged in a green channel (573 nm—-613nm) and a red
channel (660nm—710nm). The uniform distribution of the fluorophores inside the 100 nm
bead assures an identical emission center for the two channels. However, the measured
color centers differed by up to 100nm. The position offsets displayed an irregular and
discontinuous profile across the FOV, which can be hardly corrected. Moreover, the offset
profile differed from FOV to FOV in the same sample, which makes a general correction

calibration of the imaging system hopeless.

In conclusion, it is very difficult to achieve a reliable, nanometer-accurate correction for the
chromatic offsets when imaging through a thick optical window using a low NA objective. As

a result, colocalizing two molecules by different emission colors is in practice hardly possible.

10.3 Colocalization by individual excitation

One way to circumvent the chromatic offset is to use two fluorophores that emit in the same
spectral range, but can be individually excited. This approach can be realized by using
long Stokes shift (LSS) dyes, which have an extra large Stokes shift of up to ~200nm. If
using one LSS dye together with a normal dye with similar emission spectrum, these two
molecules can be excited separately at different wavelengths, but emit in the same spectral

window without chromatic offset. An example of one possible dye combination is Atto647N
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Figure 35: Chromatic offset of the cryo-imaging system. Multi-color fluorescent beads of 100 nm
diameter (TetraSpeck, Thermo Fisher Scientific Inc.) were prepared on a silica coverslip, and the
sample was imaged in the cryostat. Images were take alternatingly in a green channel (excitation
532 nm, emission window 593-40) and in a red channel (excitation 637 nm, emission window 685-50)
by automatically switching the lasers and the emission filters using LabVIEW software. In total
6979 frames were acquired for each channel with 0.1s exposure time and 100 EM-gain. The two
channels were drift-corrected separately, and the beads were localized with a precision below 1 nm
in each channel (method see section @) The determined bead positions were marked as green and
red circles for the green and red channels, respectively. The position offset between the two channels
were visualized using arrows with enlarged lengths, corresponding to the scale bar of 100 nm in the

plot.
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and Atto490LS, as shown in Fig.[36]

One problem associated with LSS dyes is their low brightness as compared to normal organic
dyes. As shown in table [T} in comparison to Atto647N, Atto490LS has a ~4 times lower
extinction coefficient, a ~ 2 times lower quantum yield, but a ~ 1.4 times shorter life-time.
In total, this delivers an about 6 times lower brightness. As a result, when imaging with a

0.7 NA objective, single molecules of LSS dyes cannot be detected due to the poor s/n ratio.

One way to increase the s/n ratio is to use cryostats with an integrated high NA objective.
These cryostats are being developed in several research groups (not published yet), and will
become available in the near future. These systems use integrated objectives inside the
cryostat with special cryo-compatible immersion medium, which increases the NA to over

1.2, thus have the potential to resolve single molecules of LSS dyes.

Alternatively, new fluorescent markers are constantly being developed in research and in
industry. For example, the newly discovered carbon nano particles (CNPs) have very broad

excitation spectra and high brightness™ which might be suitable for this approach.
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Figure 36: Spectra of Atto647N and Atto490LS dyes. Normal dye Atto647N and Long Stokes
shift dye Atto490LS emit in the same spectral window of e.g. 685-50, but can be individually

excited at 488 nm and 637 nm, respectively.

extinction coeff. quantum yield | fluorescence life-time
Atto647N | €mae = 1.5 x 10°1mol~tem™! ng = 60 % Tf = 3.518
Atto490LS | €,naz = 4.0 x 10*1moltem™ np = 30% Tr = 2.6 ns

Table 1: Property comparison between Atto647N and Atto490LS dyes. Data from www.atto-

tec.com.
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10.4 Colocalization by blinking

The slowed-down blinking of organic dyes at CT provides new possibilities to colocalize
two molecules below the diffraction limit of optical microscopy. As discussed in section [7.2]
Alexa647, Atto647N, and Cy5 dyes blink with an average on/off ratio of less than 0.5 at
89 K. This means that when imaging two of these molecules with an appropriate exposure
time, only one molecule will be captured in each frame. Thus, the two molecules can be
separated in the temporal domain. This situation can be considered as a special case of
SMLM, in which the on/off ratio is tuned to a much lower value to image densely labeled
samples. In general, N molecules in the diffraction limited area can be separated in time if
the on/off ratio is 1/N.

After temporally separating the two molecules, the next challenge is to assign the photons
in each frame to either of the molecules to achieve high localization precision. In general,
the localization precision of SMLM is determined by the total number of photons that can
be detected from each single molecule. In the case of SMLM of densely labeled samples at
RT, as the photon assignment is difficult due to the dense labeling, the localization precision
is typically determined by the photon number captured in each frame, which results in a
resolution of several tens of nanometers. In the case of cryo-FM of just two molecules,
each molecule can emit in total millions of photons before bleaching. But these photons are
unevenly distributed in different frames by the alternating on and off switching of the two
molecules. Therefore, to achieve a high localization precision, the photons in each frame have
to be assigned to either of the molecules. Then, the accumulated millions of photons can
deliver the position of each molecule with sub-nanometer precision. From these positions,
the distance between the two molecules can be determined with single nanometer resolution.

In short, photon assignment is the key for this approach.

There are various possibilities to identify the molecule in each frame. For example, the
dipole orientation of a fluorophore is fixed after freezing, and the chance for two molecules
to have exactly the same orientation is almost zero. Therefore, their defocused patterns differ
from each other ™ which can be used to differentiate between the two molecules. Another
possible method is to choose two dyes with similar emission range but different fluorescence
life-times, e.g. Atto647N (3.5ns) and Cyb (1ns), and measure the life-time simultaneously

with imaging by using fluorescence life-time imaging microscopy (FLIM).

However, these approaches are feasible only by using high NA objectives, which deliver suf-

ficient s/n ratio and photo counts per frame. For the cryostat equipped with a 0.7 NA
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objective, these methods are difficult to implement due to the poor s/n ratio when imaging
with short exposure time to capture the blinking. But when high NA cryo-imaging sys-
tems become available in the future, these approaches can be employed to colocalize two

fluorescent molecules at CT with single nanometer resolution.

10.5 Colocalization by polarization

10.5.1 Theory

At CT, the dipole orientation of fluorophores is fixed after freezing. This provides another
possibility of switching on and off single molecules by using linearly polarized excitation. The
excitation efficiency is determined by the relative angle «,..; between the dipole orientation
of the fluorophore and the polarization direction of the excitation light. By changing the
polarization direction, the fluorescence intensity I can be continuously modulated as I o

08 (e )-

For two molecules located within one diffraction-limited spot, the chance that they have
exactly the same orientation is almost zero. Thus, there exist two excitation directions
in which only one molecule can be excited, i.e. the directions perpendicular to the dipole
orientation of one molecule. This creates the possibility of individual “on-switching”, which
can be used to colocalize two molecules within the diffraction barrier as described in previous
sections. This method requires the prior knowledge of the orientations of the two molecules,

which can be determined as described below.

In fact, one of the two molecules does not have to be completely turned off to perform
colocalization. If the molecular brightness and the dipole orientation are known, the fluores-
cence intensity of each molecule can be determined at arbitrary excitation directions. The
resulting two PSFs with different amplitudes and positions overlap, generating an image
with a center position located between the two molecules. This position can be measured
experimentally from the center of mass 7¢y, of the superimposed image, which is given as a

weighted average of the form

—

Iy + Io75
remMm = ——————

L+ 1

(3)

The intensities of the two molecules I; and I are defined by their intrinsic brightness and

dipole orientations, which can also be measured using the method described below. Then,
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Figure 37: Schematic of linearly polarized excitation and detection of two molecules.

the positions of the two molecules 7; and 75 can be calculated, from which the distance

between them can be determined.

To measure the brightness and the dipole orientation of two molecules located in one
diffraction-limited spot, one method was developed in this project using linearly polarized
excitation and detection. As shown in Fig.[37 assume that the two molecules have fluores-
cence dipoles oriented at angle a; and «s in the sample plane, and that the excitation light
is linearly polarized at angle ... Then the fluorescence intensities of the two molecules I

and [, are expressed as:

I} = ki cos®(0., — aq) (4)
.[2 = ]{?2 COSQ(eez — 062) (5)

where k; and ko summarize the molecular properties (e.g. extinction coefficient, quantum

yield, life-time etc.) which influence the fluorophore brightness.

As the two molecules are located within one diffraction-limited spot, they will be registered

as one molecule with intensity:

Il+2 = ]{?1 COS2((96;U - Oél) + kg COS2(0656 - O[g) (6)
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Using the identity

(1 + cos2z)

cos?(z) = 5

Eq.[6] can be rewritten as:

1+ cos[2(0er — avq)]

1+ cos[2(0er — o)
2

] p—
142 = k1 9 +k 7
ki +k k k
_ Mtk + 2 c08(20., — 2a1) + -2 c08(20., — 2013)
2 2 2
= B+ Acos(20., — P) (7)
where
B ki + ks s)
2
E2+ k2 kk
A= \/ . Z 2+ 12 2 cos[2(ay — a)] (9)
& — arctan] kqsin(204) + ks sin(2a) (10)

k1 cos(20n) + ks cos(2a)

Eq.[7]shows that the total intensity of the two molecules I, is defined by three independent
parameters B, A, and ®, which can be experimentally determined in two ways. (i) Measuring
I, at three different excitation angles, and solving the resulting equation set. (ii) Measuring
11,5 at a sweep of excitation angles with small steps, and fitting the resulting curve with the

three parameters.

However, these parameters are defined by four unknowns that describe the physical system,
namely ky, ko, a1, and ay. Therefore, these four unknowns cannot be uniquely determined
from the obtained three parameters. To make the system well-determined, one more piece
of information has to be added. To do this, a polarizing beam splitter (PBS) is placed in
the detection path. The PBS splits the emitted fluorescence in two orthogonal polarizations,
thus creating more information. Assume that the fluorescence has the same polarization
direction as the dipole orientation. Then, the fluorescence intensity I, and I, registered on

camera X and Y can be expressed as:

I, = k1 cos?(0ep — 1) - cos®(avy) + ky €082 (0o — arz) - cos?(arp) (11)
I, I,
I, = ki cos®(0er — 1) - sin®(ay) + ko cos® (0., — ) - sin® () (12)

Ily I2y
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I, and I, can be transformed in analogy to Eq. as:

I, = [k; cos?(ay)] cos®(Bep — 1) + [Ka cos? ()] cos? (ep — o)
—_——— —_———

=: kix =: kog
kg + Koy
_ Sio T o + l co8(20., — 2a1) + &2 c08(20., — 2ar3)
2 2 2
= B, + A, cos(20., — ) (13)

I, = [k sinZ(al)] cosQ(Gex —aq) + ko Sin2(a2)] cosz(ﬁex — ap)
—— ——

= kiy = hay
k k
- % + % c08(20., — 2a1) + % €08 (20 — 20)
= B, + A, cos(20,, — ) (14

The six parameters B,, A, ®,, B,, A,, ®, can be experimentally determined as described
before. From these six parameters, the four physical unknowns ki, ko, aq, and s can be
calculated by solving the equations [§[0][L0] Thus, the brightness and the orientation of the

two molecules can be determined.

This theory was developed by Simon Stein.

10.5.2 Experimental setup

The experimental setup is shown in Fig.[38 To realize a linearly polarized excitation at
different angles, a half-wave plate is placed in the excitation path to alter the polarization
direction of the laser. The half-wave plate is mounted in a motorized rotary stage, which is
controlled using a custom-written LabVIEW software. When rotating the half-wave plate by
angle 6, the polarization direction of the laser is changed by 26, but the excitation intensity
distribution in the sample plane remains unchanged. This is crucial for the intensity-based

analysis.

To perform polarized detection, a PBS cube is mounted after the tube lens. The PBS
transmits the p-polarized light and reflects the s-polarized light, which are imaged separately
on two cameras arranged perpendicular to each other. Introducing the PBS after the tube
lens (instead of using two tube lenses after the PBS) makes the alignment of the two cameras
easier and more accurate. However, this also changes the original magnification by ~ 3%,
because the PBS cube delays the image light. To correct for this, a calibration grid with

known dimensions are used to adjust the magnification for each camera.
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Figure 38: Experimental setup for polarization microscopy. (a) Schematic of the optical arrange-
ment. On top of the existing fluorescence microscope as described in Fig.[p] a half-wave plate is
inserted into the excitation path to change the polarization direction of the laser. In the detection
path, a PBS cube is placed after the tube lens (L2) to split the s- and p-polarized emission onto
two EMCCD cameras. (b) A photo of the excitation path. (c¢) A photo of the the detection path.

As shown in Fig.[39] a 10 pm grid was imaged on both cameras. The size of the grid image
was measured according to the pixel size of the camera (16 pm/pixel). The measured grid
size was matched to its physical size under the magnification of the objective by shifting
the camera along the optical axis. After adjusting the magnification of both cameras to the
same value, the overlap of the grid images displayed only a residual shift /rotation (Fig.c).

This manual alignment has a precision of about two pixels, which is ~0.4% for a camera
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with 512x512 pixels.

To further align the two cameras with respect to image shift and rotation, fluorescent beads
were used as markers, and were imaged on the two cameras simultaneously (Fig.. The
bead image on camera X was matched to the image on camera Y by manually adjusting the
position/rotation of the PBS cube using a 5-axis stage (altering the PBS does not change
bead image on camera Y). This “rough overlapping” is aimed at an easier identification of
the same molecule on the two cameras in the post-analysis. As only the intensity of the
molecule is used for the analysis, the accuracy of the overlap is not critical. The accuracy of
the manual alignment and the visual judgment is sufficient for this purpose. The remaining

residue offsets between the two images can be tolerated by the analysis routine.

+

(a) Cam X (b) Cam'Y (c) Merge

Figure 39: Camera magnification adjustment. (a) Image of a 10 um calibration grid (R1L3S3P,
Thorlabs GmbH, Germany) captured on camera X. Distance measured by the camera pixel size
under 60x magnification of the objective. (b) Image of the grid captured on camera Y. (c¢) Overlap

of the two images.

(a) Cam X (b) Cam Y (c) Merge

Figure 40: Camera alignment. (a) Image of fluorescent beads (TetraSpeck, Thermo Fisher Scien-
tific Inc. ) captured on camera X. (b) Image of the beads captured on camera Y. (c) Merge of the

two images.



68 10. DuUAL MOLECULE COLOCALIZATION

10.5.3 System calibration

When imaging an empty coverslip with rotating linearly polarized excitation, the background
captured on the two cameras also oscillates. As shown in Fig.[41] the averaged background
intensity varies correspondingly to the polarization direction of the excitation light. The
oscillating signal of the X and Y cameras are out of phase, indicating that the background
is (mainly) linearly polarized. This is because the background sources in this setup — the
fluorescent impurities in the objective lenses and the adhesives — have fixed orientations, and

the reflected laser from the lenses and the coverslip sustains the linear polarization.
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Figure 41: Background fluctuation in polarization microscopy. The half-wave plate in the excita-

tion path was rotated at a step size of 3°, which changed the polarization direction of the excitation

laser at a step size of 6°. A silica coverslip was illuminated by this linearly polarized light, and was

imaged through a PBS onto two cameras with 5s exposure time. The average background intensity

captured on the two cameras was plotted against the angle of the excitation polarization.

The amplitude of the background fluctuation differs by ~ 2.7 times between the two cameras.
This is because the optical components such as the PBS, the dichroic beam splitter, and
the dielectric mirrors have different transmission and reflection efficiency for the s- and p-
polarized light. For example, at an angle of incidence (AOI) of 45°, the transmission efficiency
of the dichroic beam splitter (FF410/504/582/669, Semrock, USA) differs by ~ 10 % between
the s- and p-polarized light. Moreover, these optical elements also introduce a slight phase
shift between the s- and p-waves if the AOI is not zero. This makes the linearly polarized
excitation and emission slightly elliptically polarized. As the ellipticity of the polarization

is rather small, this effect can be neglected in the experiment.
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All these effects are encoded in the background fluctuation with respect to the polariza-
tion direction of the excitation light, which is used as a reference for calibration. In the
experiment, the local background for each molecule is measured, and is subtracted from the

detected intensity to obtain the actual molecule brightness.

10.5.4 Single molecule polarization microscopy

To validate the intensity modulation of single molecules using polarized excitation and de-
tection, Atto647N molecules were imaged in the polarization microscope at 89 K. The dye
solution was deposited onto a silica coverslip using a pipette and was air-dried to create
randomized fluorophore orientations. The sample was excited by a linearly polarized laser
with changing polarization direction at a step size of 6°. The emitted fluorescence was split
into two orthogonal polarization directions using a PBS cube, and was imaged onto two
cameras. Images were taken with a relative long exposure time of 5s to average out the

single molecule blinking, and to increase the s/n ratio.

0 18 36 54 72 90 108 126 144 162

\ 4

Excitation angle (degree)

Figure 42: Polarized excitation and detection of single molecules. Atto647N molecules were
excited by linearly polarized laser at different angles at 89 K, and were imaged through a PBS onto
two cameras. Images were taken with 5s exposure time. Three molecules with different modulation

phases were highlighted by arrows.

As shown in movie 9 (extracted frames in Fig., the intensity of the single molecules is
periodically modulated by the rotating linear excitation. The modulation phase is different
from molecule to molecule, indicating that the molecules are in different orientations on
the coverslip. For each molecule, the intensities captured on the X and Y cameras oscillate
in phase, indicating that the polarization direction of fluorescence emission is fixed, and

is uncorrelated to of the excitation polarization direction. The smooth intensity change
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suggests that the blinking is averaged out during the 5s exposure time, which is advantageous
for an accurate intensity-based analysis. The high photostability of fluorophores at 89 K

enables long measurements of single molecules till a desired precision is reached.

These results demonstrate the feasibility of modulating the excitation of single molecules
with fixed dipole orientation using linearly polarized excitation at different angles. The
intensity modulation is continuous with complete “off” states. This offers another possibility
of switching single molecule fluorescence, and can be used for the colocalization of two

molecules with single nanometer resolution at CT.

10.5.5 Outlook

The preliminary results in this section demonstrate that polarization microscopy can be used
to control the single molecule excitation in a continuous manner at 89 K. The high photo-
stability of fluorophores at CT enables the measurement of single molecule orientation with
very high precision. The current challenge of testing the proposed dual molecule colocaliza-
tion lies in the preparation of samples labeled with two fluorophores at a known distance on
the nanometer scale. Although techniques such as DNA origami®¥provide the possibility of
designing custom-defined “nano-rulers”, labeling the sample with just two fluorophores with

high efficiency (> 90 %) is still challenging.

Moreover, the purification of the sample also plays an important role in cryo-FM. In the
FOV, there are only about 200-400 molecules, and the measurement time of each FOV
extends to several hours to obtain single nanometer precision. Therefore, the amount of free
dyes molecules and fluorescent impurities needs to be minimized to achieve high throughput

and reasonable statistics.
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CONCLUSION & OUTLOOK

This work was concerned with the development and testing of a new cryo-fluorescence mi-
croscopy system, which can be employed for single molecule microscopy at 89 K and CLEM
experiments. This system features excellent thermal and mechanical stability, superior sin-
gle molecule imaging quality, intact sample transfer at CT, and additional gas supply to the

sample.

Using this system, it is found that the photostability of organic dyes (such as Atto647N,
Alexab47, Atto655, Cyb, etc.) can be boosted by two orders of magnitude when cooling
down to 89 K. The resulting millions of detectable photons per molecule allow for single
molecule localization with sub-nanometer precision. Moreover, the blinking of Alexa647,
Atto647N, and Cy5 molecules is slowed down by a factor of ten at 89 K, which results in
an on/off ratio below 0.5. This provides the possibility to separate two molecules within
one diffraction-limited spot temporally. In contrast, Atto488 and Alexa488 molecules dive
into drastically extended dark states in the absence of oxygen (in vacuum) at 89K, and
return to the fluorescent state stochastically upon laser irradiation at 473nm. For these
dyes, the vacuum cryostat automatically creates the condition for STORM, which makes
cryo-STORM directly applicable.

This cryo-imaging system provides also the possibility to measure distances between two
fluorescent molecules on the single nanometer scale. Current bottlenecks are the chromatic
offset, the poor s/n ratio, and the difficult photon assignment. In the future, t, these limita-
tions can be overcome by the development of brighter dyes and high NA cryostats with inte-
grated objectives, which will make many microscopy techniques such as defocused imaging,
FLIM, etc. applicable at CT for super-resolution dual-molecule colocalization. Polarization
microscopy provides another possibility to circumvent these limitations. The fluorescence
intensity of single molecules can be contentiously modulated using linearly polarized excita-
tion. When combined with polarized detection, the molecule brightness and orientation can
also be determined. This molecular information can be directly employed to determine the

distance between two molecules on the nanometer length scale.
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APPENDIX

Coverslip Cleaning Protocol

MATERIAL:
1. Menzel coverslips
2. Teflon coverslip holder
3. Washing buffer: 10g KOH + 50 ml H20 + 230 ml ethanol
4. D-water
5. Incubator
PROCEDURE:
1. Place the coverslips in the Teflon holder.
2. Ultrasonicate the coverslips in the washing buffer for 10 min.
3. Discard the washing buffer into the container for waste liquid (do not pour it into the
sink because of KOH!).
4. Ultrasonicate the coverslips in D-water for 3 min, change water, repeat 3 times.
5. Dry the coverslips in the incubator at 70°C for two hours.
6. Plasma clean the coverslips for ~ 15 min (remove the metal handle from the Teflon

holder).
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Objective Photon Collection Efficiency

This section derives the relationship between the photon collection efficiency of an objective

and the numerical aperture (NA).

The objective photon collection efficiency is proportional to the volume of the solid angle €2
that can be captured by the objective. In spherical coordinate, {2 can be expressed using

the polar angle 6 and the azimuthal angle ¢ as:

dQ = sin 0dOdy (15)

For an objective, ¢ goes from 0 to 27, and 6 defines the NA of the objective as:

NA =nsinf (16)

where n is the refractive index of the medium in which the objective is working.

The volume V' encapsulated by the solid angle {2 can be expressed as:

V= /dQ
27 0
—/ / sin 6'd6’dy’
o Jo
2 (%
:/ dgo/ sin 6'd6’
0 0

=27(1 — cos @)

=27(1 — V1 —sin?6)

Substituting sin @ by NA/n (from equation [16]) gives:

V =2r(1-+/1- (NA/n)?) (17)

The objective photon collection efficiency is proportional to V.
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